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This  report  was  prepared  by  the  University  of  Michigan,  under  USAF 
Contract  No.  AF  18(600)-62.  The  contract  was  initiated  under  Research  and  “ i 

Development  Order  No.  6L4-15  "Design  and  Evaluation  Data  for  Strrc-  j 
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Tests  have  been  performed  seeking  to  understand  the  factors  affecting 
notch  sensitivity  of  heat-resistant  alloys  under  sustained  loads  at  elevated 
temperatures.  The  investigation  was  based  on  the  belief  that  variet!  response 
to  notches  must  be  related  to  relaxation  characteristics  o.f  alloys  at  service 
tejTiperature.  A material  was  postulated  to  be  strengthened  or  weakened  by 
a notch  according  to  the  portion  of  total  rupture  life  consumed  while  initial 
stress  concentrations  around  a notch  are  reduced  and  redistributed  by  a creep- 
relaxation  process.  A procedure  was  proposed  whereby  the  history  of  repre- 
sentative fibers  in  a notched  specimen  would  be  followed  to  the  point  of  rupture. 

Data  from  other  sources  comparing  strengths  for  smooth  and  notched 
bars  of  materials  of  interest  are  included.  Additional  data  required  for  the 
proposed  analysis  were  obtained  under  the  present  program  for  three  alloys 
with  conventional  heat  treatments: 


S-816  at  1350-F 
Waspaioy  at  1500°F 
Inconel  X-55G  at  1350*] 


Test  results  included  stress  - rupture  time  properties,  short-time  tensile 
properties,  and  creep  properties  when  stresses  were  changed  from  one 
level  to  another  during  a test.  Relaxation  characteristics  were  measured 
for  initial  stresses  both  below  and  above  the  proportional  limit. 

The  notch  strengthening  observed  for  S-816  and  Waspaloy,  and  the  notch 
weakening  for  Inconel  X-550  at  the  test  temperatures  has  been  satisfactorily 
explained  in  terms  of  comparative  relaxation  amd  stress-rupture  time  charac- 
teristics, though  further  work  is  indicated  before  a quantitative  correlation 
is  attempted. 

Tests  v/ere  conducted  to  determine  the  effect  of  some  metallurgical  var- 
iables on  the  notched  bar  rupture  test  characteristics.  Cold  working  had 
the  greatest  effect  on  notch  sensitivity  of  the  several  conditions  investigated, 
but  no  sovere  case  of  notch  weakening  was  observed  for  either  S-816  at  1350“ 
and  1500*F,  or  for  Waspaloy  at  1500°F  in  the  limited  number  of  tests. 
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inis  report  has  been  reviewed  and  is  approved. 
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IInTRODuCTION 


Engineers  are  constantly  faced  with  the  problem  of  allowing  for  effects 
of  stress  concentrations  in  structures  they  design  and  build.  Relief  of  loca.1 
high  stresses  is  associated  with  ability  of  a material  to  redistribute  stresses 
to  a more  favorable  state  before  the  fracture  strength  of  the  material  is  ex- 
ceeded. At  high  temperatures,  where  creep  occurs  during  service,  reduc- 
tion of  stress  concentrations  by  relaxation  would  appear  to  be  an  important 
factor  in  this  process  of  stress  redistribution. 

Increasing  use  has  been  made  by  engineers  of  rupture  tests  conducted 
on  notched  specimens  to  evaluate  ability  of  alloys  to  withstand  stress  con- 
centrations in  prolonged  high-temperature  service.  In  such  tests,  some 
materials  have  been  found  to  be  strengthened  by  notches;  others  may  be  weak- 
ened. A third  group  shows  both  strengthening  and  weakening,  depending  on 
the  length  of  the  test;  i.  e.  , on  the  stress  level  employed.  A common  case 
is  for  an  alloy  to  be  strengthened  by  the  presence  of  a notch  in  short-time 
tests,  but  to  be  weakened  for  long-time  runs  at  low  stress  levels.  A few  in- 
.stances  have  been  reported  of  recovery  from  notch  weakening  at  prolonged 
time  periods. 

This  investigation  has  been  based  on  the  belief  that  observed  variation 
in  response  to  notches  for  different  materials,  or  for  the  same  material 
at  different  temperatures,  or  for  differing  notch  geometry,  must  be  closely 
related  to  stress-time  relationships  as  controlled  by  creep  relaxation. 
Favorable  redistribution  of  stresses  through  the  relaxation  process  reduces 
the  effective  stress  either  rapidly  or  slowly,  depending  on  creep  character- 
istics of  the  particular  alloy  at  the  test  temperature.  If  the  residual  effec- 
tive stress  drops  quickly  enough,  life  is  increased  by  presence  of  the  notch; 
if  relaxation  is  slow,  a major  portion  of  the  total  life  is  quickly  expended 
in  areas  of  initial  high  stress.  In  the  latter  case,  residual  stresses  around 
the  notch  may  eventually  fall  to  quite  low  values,  but  by  this  time  only  a 
small  portion  of  rupture  life  remains  and  failure  occurs  earlier  than  for 
a comparable  smooth  bar. 


At  the  outset  it  may  be  reasoned  that  a notch  iijroduces  nothing  inhex  - 
ently  new  into  properties  of  an  alloy,  but  only  changes  the  stress -strain 
histories  of  fibers  in  the  notched  bar.  If  one  were  to  reproduce  in  a smooth 
bar  the  history  experienced  by  a fiber  of  a notched  bar,  the  life  of  each  should 
be  the  same.  It  is  not  sought  here  to  explain  why  a smooth-bar  rupture 
specimen  behaves  as  it  does.  Rather,  it  is  hoped  that,  given  the  properties 
of  the  alloy  as  ordinarily  tested  in  tension,  one  might  extend  these  results 
to  other  cases  v.'here  stress  conditions  are  not  uniform,  but  where  the  stress 
distribution  may  be  estimated. 
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Analvsic  cf  the  Problem 

* _ 

A circamferential  notch  in  a tensile  specimen  introduces  at  the  root  of 
the  notch  a high  axial  stress  (S^^)  and  a hoop  stress  (Sj^)  which  is  smaller,  but 
still  higher  thaji  the  nominal  stress.  (By  nominal  stress  i?  n*ieant  the  axial 
load  divided  by  the  minimum  cross  section  of  the  bar  in  the  plane  of  the 
notch  root.)  A radial  stress  (Sj.)  is  also  created,  starting  with  a value  of 
zero  at  the  mot  of  the  notch  and  always  remaining  smaller  than  the  nominal 
axial  stress  for  radii  nearer  the  axis  ef  the  specimen.  So  long  as  the  yield 
point  of  any  fiber  is  not  exceeded,  the  distribution  of  stress  in  a notched 
bar  maybe  closely  approximated  using  Neuber's  theoretical  analysis  for 
a deep  hyperboloid  (Ref.  1,  Chap,  V).  Beyond  the  yield  point,  exact  stress 
and  strain  distribution  in  regions  of  plastic  flew  must  be  obtained  experi- 
mentally. 

When  stresses  in  different  directions  are  present  in  a material,  they 
interact.  Forces  in  different  directions  tend  to  cancel  each  other's  effect 
when  both  are  tensile  or  boLli  are  compressive.  According  to  the  maximum 
shear-strain  energy  theory  of  yielding,  for  ductile  materials  the  stress  (S)  which 
is  effective  in  causing  plastic  flow  to  take  place  may  be  computed  from  the 
expre  ssion 

2 = (Sa  - + (3a  - Sj.)^  + (Sh  - Sr)“  • 

For  elastic  conditions  the  effective  stress  over  part  of  the  bar  will  still 
exceed  the  nominal  because  Sa  is  so  high.  The  maximum  stress  concentra- 
tion oc  Sit*  vlliv*  root  of  the  notch.  For  fibers  nearer  the  axis  of  the  bar, 
each  of  the  stresses  beccines  smaller,  differences  between  pairs  cf  stresses 
beeorti-  *?ven  .'r'*ller,  and  the  effective  stress  for  these  fibers  becomes 
a rather  small  xraction  of  the  nominal  stress. 

The  effective  stress  defined  above  has  been  verified  as  a satisfactory 
combination  of  the  individual  stresses  in  correlations  cf  yielding  and  plas- 
tic flow  of  ductile  metals  at  room  temperature  and  of  creep  of  metals  at  ele- 
vated temperatures  when  constant  multiple  stresses  are  acting.  It  appears 
reasonable  to  use  this  same  effective  stress  in  the  first  attempts  to  corre- 
late rate  of  relaxation  of  variable  muiti -axial  stresses. 

The  variable  effective  stress  existing  during  life  of  a fiber  will  be  ten- 
tatively assumed  the  significant  factor  determining  time  until  it  ruptures. 

The  general  method  of  analysis  may  still  be  adapted  to  any  better  combination 
of  principal  stresses  suggested  at  a later  date.  For  a notched  bar  to  have 
a longer  rupture  life  under  given  nominal  axial  stress  than  does  a smooth 
bar,  the  assumption  is  that  the  notch  reduces  the  effective  stress  below  the 
nominal  value  during  a major  portion  of  the  test.  It  appears  that  this  could 
occur  by  one  or  more  of  the  following  ways: 

1.  Plastic  yielding  upon  application  of  the  load. 

2,  Progressive  change  in  shape  of  the  notch  by  the  normal  creep 
process. 
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3.  At  elevated  temperatures,  stresses  present  in  restrained 
portions  of  rnetal  tend  to  decrease  with  time  by  a process 
of  stress  relaxation.  Elastic  strains  are  replaced  by  creep 
deformation  without  significant  change  i»i  gross  dimensions 
of  the  part.  (This  is  similar  to  behavior  of  ei  tightened  bolt 
in  an  unyielding  flange  at  elevated  temperatures,  with  grad- 
ual drop  ill  the  pull  exerted  by  the  bolt  while  its  stretched 


length  remains  fixed.  ) 


The  rate  of  such  relaxation  is  non-linear  so  that  the  higher  the  initial 
stress,  the  faster  it  falls,  it  is  to  be  expected  that  extreme  stress  concen- 
trations found  at  the  root  of  a sharp  notch  on  loading  should  relax  rapidly. 
The  variation  xn  rates  of  relaxation  for  the  three  principal  stresses  of  a 
fiber  should  cause  even  m.ore  rapid  reduction  in  the  differences  between 
these  principal  stresses.  And  it  is  these  stress  differences  which  deter- 
mine the  effective  stress. 


For  the  presence  of  a notch  to  shorten  rupture  life,  the  combination 
of  stated  mechanisms  apparently  does  not  reduce  the  effective  stress  below 
the  nominal  stress  early  enough  in  the  test.  Stated  in  another  way,  too  much 
of  the  total  life  has  been  used  up  while  getting  down  to  a low  effective  stress. 


Besides  the  stres  SCS  AVaVIc  h are  preserxt,  the  metallurgical  condition 
of  an  alloy  should  affect  respense  to  stress  concentration.  As  an  example, 
local  ii^ed  yielding  may  occur  near  the  notch  root.  Such  plastic  working 
may  either  strengthen  or  weaken  affected  fibers  depending  on  the  particu- 
lar alloy  and  its  initial  condition,  on  the  tem.perature , and  on  the  length  of 
time  the  test  runs  befere  failure.  Working  can  also  change  the  amount  of 
deformation  which  occurs  before  fracture  initiates  in  a fiber  of  a metal. 

It  is  quite  possible  that  local  yielding  at  the  start  of  a test  may  alter  creep 
and  relaxation  properties. 


A.ny  prior  metallurgical  treatment  which  changes  the  proportional  limit 
and  work-hardening  characteristics,  the  material’s  ductility,  its  creep  rates, 
or  its  rupture  life  under  constant  load  should  be  reflected  in  the  relative  be- 
havior of  notched  versus  unnotched  bars  under  stress-rupture  conditions. 

In  particular,  low  elongation  of  smooth  bars  at  rupture  is  known  often  to  be 
associated  with  notch  brittleness  under  high-temperature  conditions. 


Geometry  of  the  notched  specimen,  especially  the  sharpness  of  the  notch 
root,  is  algo  known  to  affect  notch-bar  rupture  strengths.  But  any  notch 
geometry  for  which  the  starting  stresses  and  strains  can  be  determined  should 
prove  equally  amenable  to  the  general  analysis  proposed  above. 
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SECTION  1 


COMPILATION  OF  PRINCIPLES  AND  DATA 
FROM  NOTCHED-BAR  RUPTURE  TESTS 


The  first  step  in  this  investigation  was  to  accumulate  and  analyze  avail- 
able data  on  notched-bar  rupture  tests  for  alloys  of  the  types  used  in  air- 
craft gas  turbines.  The  compiled  data»  Figures  1 through  13,  show  the  fol- 
lowing results  of  interest. 

1.  For  rupture  times  up  to  1000  hours,  the  data  shov/ed  S-816  to  be 
notch  ductile  at  1200°,  1350’  and  1500“F.  ^See  Figure  1.)  Figure  2 indi- 
cates that  the  same  conclusion  holds  for  S-816  (Cb  + Ta)  alloy.  The  data 
fail  to  show  a conclusive  influence  of  variation  in  solution  temperature  or 
in  notch  configuration. 

2.  M252  alloy  was  strengthened  by  the  presence  of  the  notch  (Figure 
3)  when  given  the  standard  heat  treatment  for  this  alloy. 

3.  Very  limited  data  on  Inconel  X showed  greater  sensitivity  for  a bar 
made  by  grinding  flats  on  opposite  sides  of  a notched  cylindrical  bar  than 
did  the  original  rosind  bar  with  the  same  notch.  (See  Figure  4.)  This  re- 
sult might  have  been  anticipated  from  the  higher  elastic  stress  concentra- 
tion factor  for  a flat  bar  with  a given  notch  shape  compared  with  a three- 
dimensional  specimen. 

Where  data  were  available  for  notches  with  0.005-inch  root  radius 
and  also  for  a sharp  notch  (r  ^ 0.002  inch),  the  sharp  notch  had  the  lower 
strength.  At  1350°F  the  sharper  of  the  two  notches  exhibited  notch  weak- 
ening, while  the  bar  with  0.  005-inch  root  radius  was  strengthened  by  the 
notch. 


4.  Davis  and  Manjoine  (Ref.  6)  treated  Hef ractaloy 2 6 so  as  to  obtain 
rather  different  diamond  pyramid  hardness  at  constant  small  grain  size  and 
to  give  coarse  versus  fine  ASTM  grain  size  at  roughly  the  same  hardness 
levels.  A wide  range  of  root  radii  was  employed  for  constant  bar  diameter, 
notch  depth  and  notch  angle.  Curves  for  several  intermediate  values  of 
r/d  have  been  omitted  in  plotting  the  data  on  Figure  5. 

For  all  treatments  it  was  found  possible  to  produce  bars  with  both 
higher  and  lower  strength  than  for  smooth  bars  by  suitable  choice  of  root 
radius  alone.  Moreover,  onset  of  notch  sensitivity  was  not  a function  of  any 
single  universal  value  for  ductility  of  the  unnotched  bars.  For  i/d  = 0.2, 
the  fine-grained  alloy  with  330  DPH  number  was  strengthened  for  rupture  times 
smooth"  bar  elongations  were  about  7 percent.  At  like  times  to  failure, 
the  alloy  in  the  coarsened  condition  had  better  unnotched  ductility,  but  was 
definitely  notch  brittie. 
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5.  Results  for  specimeas  of  K-4?.-B  (42%  Ni,  18%  Cr,  22%  Co,  2.2%  Ti, 
0.2%  Al,  0.  05%  C,  Bal.  Fe)  with  constant  composition  but  different  prior 
heat  treatm.ents  are  compared  in  Figure  6.  For  both  conditions  rather  sev- 
ere notch  sensitivity  was  apparent  at  all  stresses  tested.  Smooth-bar  elonga- 
tions were  very  low  (0.4  to  1.9  percent).  Of  the  two  treatments  investigated, 
the  one  accompanied  by  lower  elongations  at  rupture  gave  the  higher  rupture 
strengths  for  notched  and  smooth  bars  alike. 

6.  Three  degress  of  cold  working  of  16-25-6  (Timken  Alloy)  after  forg- 
ing show  little  effect  on  strength  of  notched  bars  despite  a pronounced  rise 
in  rupture  strength  upon  cold  working.  (See  Figures  7 and  8.) 


7.  A memorandum  from  the  Thomson  Laboratory  of  the  General  Elec- 
tric Company  (Ref.  7)  gave  data  on  notch  sensitivity  of  specimens  taken  from 
a number  of  16-25-6  turbine -wheel -rim  forgings  made  by  conventional  hammer 
cold  working  and  by  a die -expansion  process.  No  correlation  from  rim  to 
rim  was  evident  between  notch  brittleness  and  the  elongation  at  rupture  of 
Smooth  bars.  (See  Figures  9 through  ii.) 


•) 


A few  specimens , both  smooth  and  notched,  cut  in  the  tzingential  direc- 
tion from  die -expanded  rims  had  consistently  longer  rupture  lives  than  those 
samples  in  the  radial  directions.  These  specimens  showed  elongations  at 
rupture  covering  a wide  range  from  1.  7 to  30  percent. 

Life  was  on.  the  high  side  for  all  bars  from  a single  rim  forged  by 
conventional  hammer  cold  working  after  prior  solution  treatment  at  2000"F, 
instead  of  the  usual  2100*F  (Figure  12).  In  contrast,  solution  treatment  at 
the  lower  temperature  before  die  expanding  appeared  to  result  in  weaker  spec- 
imens . 


When  .specimens  from  die -expanded  rims  were  aged  for  increasing 
lengths  of  time  at  1200*  and  1350*F,  radial  specim.ens  appeared  to  vary  more 
with  aging  th.*n  aid  bars  cut  in  the  tangential  direction.  In  general,  after  an 
initial  strengthening,  further  aging  served  to  give  first  a decrease  and  then 
an  increase  in  time  to  rupture  for  both  smooth  auid  notched  bars  (Figure  13). 


Conclusions  Drawn  from  Compiled  Notch  Lata 


The  most  evident  conclusion  is  that  notch  sensitivity  is  a coinplex  func- 
tion of  notch  geometry,  physical  properties  and  microstructure.  The  large 
influence  of  notch  geometry  makes  it  difficult  to  generalize  other  factors  in- 
volved in  notch-bar  testing.  The  following  summaries  appear  to  be  pertinent. 

For  any  given  material  it  has  been  demonstrated  that  there  is  at  least  a 
qualitative  relationship  between  elastic  stress  concentration  factor  and  strength 
where  variation  in  the  factor  is  obtained  by  changing  the  root  radius  of  the 
notch.  When  the  notch  depth  was  varied  at  constant  root  radius  under  condi- 
tions giving  nearly  constant  stress  concentration  factor,  however,  variations 
in  effects  on  strength  were  obtained. 

As  the  notch  increases  from  a very  dull  to  a very  sharp  notch,  the  strength 
increases  to  a maximum  and  then  decreases  to  a point  where  rupture  time 
is  reduced  more  and  more  as  the  sharpness  increases.  The  notch  radius  at 
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which  strength  starts  to  decline  is  a,  function  of  both  ductility  and  metallurg- 
ical. characteristics.  (See  Ref.  6.) 


Ductility  and  Notch  Effects 

In  those  cases  where  ductility  changes  with  time  for  fracture,  it  appears 
that  notch-sensitivity  effects  will  qualitatively  follow  the  ductility  changes. 
According  to  Brown  and  co-workers  (Refs.  5 and  8),  these  effects  can  occur 
at  a rather  wide  variation  in  ductilities.  Data  gathered  in  this  report  sup- 
port that  finding.  Materials  having  elongations  in  the  range  from  2 to  15 
percent  in  the  rupture  test  may  or  may  not  show  notch  sensitivity,  depending 
0-1  notch  geometry  and  metallurgical  characteristics.  For  commonly-used 
notches,  alloys  with  elongations  above  this  range  should  be  notch  ductile; 
those  with  less  elongation  will  normally  be  notch  brittle.  Particularly  inter- 
esting was  Brown's  observation  that  for  sharp  notches  sensitivity  could  dev- 
elop at  quite  high  ductilities  when  structural  changes  occurred  during  tests. 

Brown  and  his  associates  have  presented  for  rupture  of  notched  and 

smooth  bars  where  the  alloy  under  study  is  notch  sensitive, only  over  a lim- 
ited range  of  stress.  For  the  material.^  studied,  it  was  found  that  elongation 
of  the  smooth  bars  at  rupture  seems  to  be  related  to  the  presence  or  absence 
of  notch  sensitivity. 
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For  short  times  to  rupture  where  the  elongation  values  are  high,  the 
notched  bar  was  stronger.  As  elongation  fell  off  the  notched-bar  strength 
dropped  below  that  of  the  srriooth  bars,  only  to  rise  above  it  again  when  the 
elongation  increased  at  very  long  testing  times. 


Metallurgical  Factors 

It  is  practically  impossible  to  generalize  regarding  metallurgical  fac- 
tors. Apparently  for  a given  solution  treatment,  variation  of  the  ductility 
by  changes  in  aging  conditions  will  alter  the  strengthening  or  weakening  ef- 
fect of  a given  notch.  In  general,  decreasing  the  ductility  tends  to  increa.se 
notch  sensitivity.  If  the  solution  treatment  is  changed,  then  the  effci.ts  of 
aging  may  be  different. 

Ductility  alone  appeared  to  be  an  inadequate  measure  of  the  effect  of 
a change  in  structure.  Available  results  show  that  change  in  grain  size 
alone  i.s  also  not  a perfect  indicator. 

Viewed  as  a whole,  the  data  confirm  the  belief  that  commercial  alloys 
now  used  in  jet  engine  componsubE  are  not  sensitive  to  notches  when  they  res- 
pond normally  to  recommended  conventional  treatments,  Kowever,  with  a 
critical  combination  of  deviations  from  conventional  practice  it  is  possible 
to  .get  marked  deterioration  from  desired  properties. 
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SECTION  II 

SOME  EXPERIMENTAL  HiGH-TEIviFERATURE  PROPERTIES 
AND  THEIR  INTER-RELATIONS 


oeveral  different  types  of  experiniental  data  appeared  to  be  needed  to 
relate  creep  rsla:-:ation  to  notch  properties,  and  tc  separate  effects  of  plas- 
tic yielding  on  loading  and  of  relaxation  of  stresses  originally  concentrated 
near  the  notch  root: 


1.  During  application  of  the  load,  an  alloy  must  possess  a suitable  com- 
bination of  yield  point  and  ductility  to  prevent  stress  concentrations  from 
exceeding  the  tensile  strength.  Ability  to  deform  and  relieve  high  stresses 
is  associated  with  the  shape  of  the  stress -strain  curve. 

Any  plastic  deformation  w'hich  does  occur  on  loading  will  ...Ifcct  the 
state  of  stress  distribution  used  as  a starting  point  in  the  proposed  calculations 
seeking  to  relate  notch  effects  ztnd  relaxation  characteristics.  Analysis  of 
this  initial  ondition  required  knowledge  of  plastic  strains  around  the  notch, 
together  with  stress-strain  curves  for  each  alloy  at  each  temperature  con- 
sidered. 


Experiments  on  change  of  notch  shape  upon  loading  were  not  includ- 
ed because  such  tests  are  being  performed  by  another  contractor  working 
with  these  same  alloys  and  test  conditions. 

Z,  Assuming  that  a stress  concentration  will  remain  after  the  load  is 
applied,  then  the  time  to  rupture  should  depend  on  the  rate  at  which  this 
stress  concentration  is  reduced  by  replacing  elastic  strains  with  plastic 
creep  strains.  Relaxation  properties  were  needed  for  the  range  of  stresses 
expected  to  be  found  in  typical  notched  bars.  Tests  were  also  needed  to  deter- 
mine hew  such  relaxation  characteristics  are  affected  by  plastic  strain  oc- 
curring during  loading. 

3.  it  has  been  proposed  to  follow  changes  in  representative  fibers  as 
creep  and  relaxation  occur.  Rupture  life  of  the  fibers  under  consideration 
is  then  to  be  compared  with  life  for  other  fibers  subjected  to  a like  history 
in  a smooth  bar.  Before  any  such  analysis  can  be  completed,  it  is  neces- 
sary to  know  how  varying  the  applied  stress  influences  total  time  for  rupture, 
i„e.  , how  to  add  fractions  of  rupture  life  under  different  stresses. 


A suitable  answer  was  sought  by  coixducting  tests  with  smooth  bars 
for  a constant  stress  over  part  of  the  run  and  then  changing  to  a higher  or 
lower  constant  stress  for  another  portion  of  the  test. 


r 
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I 4.  Material  properties  of  high~teinperature  alloys  may  alter  du  ring  ser- 

vice. Any  factor  which  changes  the  physical  properties  or  rupture  life  of 
fibers  in  a smooth  bar  should  also  affect  fibers  in  notched  bars.  Consequently, 
consideration  had  to  be  given  to  the  effects  of  such  metallurgical  changes 
under  the  conditions  existing  at  the  root  of  the  notch.  It  v as  recognized  that 
these  could  be  quite  different  from  those  normally  considered  in  smooth-bar 
tests  due  to  initial  plastic  flow  on  loading  or  while  the  stress  concentration, 
was  at  a high  level. 


Materials  Tested 

Materials  tested  included  three  typical  metallurgical  types  of  turbine 
blade  alloys  used  in  jet  engines:  a cobalt-base  forging  alloy  (S-816),  a chromium- 
nickel  alloy  precipitation  hardened  with  Cb,  Ti,  and  A1  (Inconel  X-550),  and 
a chromium-nickel -cobalt-molybdenum  alloy  precipitation  hardened  with  Ti 
and  A1  (Waspaloy). 

Chemical  composition  of  the  alloys,  in  weight  percent,  was  furnished 
by  the  suppliers: 


Kiement 

S-816 

(Heat  63730) 

Waspaloy 
(Heat  44036) 

Inconel  X-: 
(HeatY-71i 

C 

0.  38 

0.08 

0.  05 

Mn 

1.22 

0.  80 

0.  73 

Si 

0.49 

0.  61 

0.  28 

P 

0,  012 

0.017 

O 

0.  018 

0.  017 

0.  007 

Cr 

20.04 

18.  72 

14.92 

Ni 

19.43 

Bal 

Bal 

Mo 

3.  93 

2.93 

W 

3.93 

— 

-- 

Cb 

2.  89 

1.03# 

Co 

43.  32 

13.  44 

__ 

Fe 

3.44 

1.  17 

6.  59 

A1 

— 

1.29 

1.  16 

Ta 

0.  85 

-- 

Ti 

- . 

2.  29 

2.  5 

Cu 

^ - 

0.  10 

0.  03 

* Cb  + Ta 


Specimens  were  given  the  following  conventional  heat  treatments  in.  Un- 
iversity of  Michigan  laboratories  prior  to  machining. 


5-8ib 


2150”F,  1 hr.  W.  Q.  + 
1400“F,  12  hrs,  A.  C. 


Waspaloy  

iVVS'F,  4 hrs,  A.C.+ 
ISSCF,  4 hrs,  A.C.+ 
1400AF,  4 hrs.  A.  C. 


Inconel  X-550 


21  50'F,  1 hr,  A.  C.  + 
1600°F,  4 hrs,  A.C.+ 
ISSO^F,  4 hrs,  A.C. 
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Typical  microstructures  after  heat  treatment  are  shown  in  Figures  14, 
15,  and  l6. 

All  specimens  were  turned  between  centers  on  a lathe  and  then  hand 
polished. 


Test  Conditions 


Since  the  object  of  the  program  was  to  study  factors  affecting  notch  sen- 
sitivity, it  was  attempted  to  choose  test  conditions  v'hich  v/ould  include  one 
notch  ductile  alloy  (S-816  at  1350“F),  and  one  alloy  in  a notch  brittle  condi- 
tion, at  least  for  very  sharp  notches  (Inconel  X-550  at  1350“F).  For  a third 
condition  (Waspaloy  at  1500“F),  it  was  hoped  to  obtain  a borderline  case 
without  decided  notch  strengthening  or  v/eakening. 

Carlson  and  Simmons  (Ref.  9)  have  since  reported  comparative  rupture 
lives  of  smooth  and  notched  bars  from  the  same  heats  of  alloys  as  used  in 
the  present  investigation.  Notched  bars  used  had  three  circumferential  notches, 
each  with  different  root  radius.  Results  of  completed  tests  have  been  repro- 
duced in  Figures  17  through  19.  In  these  plots  the  notch-bar  points  are  dis- 
tinguished according  to  the  root-radius  rf  the  notch  which  failed.  The  data 
show  that  test  temperatures  chosen  for  the  present  program  gave  two  cases 
of  notch  strengthening  (S-S16  at  1350°F,  Waspaloy  at  i500"F).  The  third 
condition  (Inconel  X-550  at  1350“F)  showed  slight  notch  strengthening  in 
short-time  tests,  with  progressive  notch  weakening  at  lower  test  stresses. 


\-. 


Ail  tests  for  the  present  investigation  were  performed  in  individual 
beam-loaded  creep- rupture  units.  Axial  deformation  was  measured  by  a 
Martens -type  optical  extensometer  with  a sensitivity  of  from  3 to  4 x 10"' 
inches/inch  of  strain.  Temperatures  were  controlled  to  ± 3“F, 


Usual  practice  was  to  place  a specimen  into  a cold  furnace  the  night 
before  the  test  was  started  and  to  alloy  the  furnace  to  rise  to  100“F  below 
the  desired  testing  temperatures.  The  specimen  was  brought  to  the  final 
value  and  temperature  distrioution  adjusted  over  a period  of  between  6 
and  5 hours  iiist  orjor  to  loading. 


Tensile  Properties 


Short-time  tensile  characteristics  for  all  three  conditions  studied 
shov.’Ti  on  Figure  20.  The  following  properties  were  obtained: 


ire 
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Property 

S-816 
at  1350"F 

Waspaloy 
at  ISUO-F 

Inconel  X-550 
at  1350"F 

Yield  Strength  (0.  Z percent  offset-- 

47,600 

76, 500 

89, 500 

9 

psi 

Tensile  Strength--psi 

83, 600 

81, 000 

104,000 

Proportional  Limit--psi 
Elongation --per  cent/ 2 inches 

36, COG 

48  000 

72,000 

39 

6 

4 

Reduction  of  Area--percent 

33.5  , 

7 r 

7 , 

Elastic  Modulus --psi 

23  x 10® 

21  X 10® 

23  X 10'" 

Relaxation  Characteristics 


The  term  relaxation  has  been  used  by  metallurgists  in  at  least  two  con- 
texts. Here  it  is  used  to  mean  replacement  of  elastic  strains  by  plastic 
strain  in  the  form  of  creep.  Relaxation  characteristics  are  commonly  plotted 
as  a smooth  curve  of  residual  stress  versus  time  for  a given  initial  stress 
and  for  continued  reduction  of  load  so  as  to  maintain  the  total  strain  constant. 
In  tests  the  stress  reduction  is  often  performed  in  finite  steps  (see  Figure 
Zl).  Such  a procedure  was  used  in  this  investigation.  The  specimen  is  loaded 
to  its  highest  values  (Si  at  point  A)  and  the  strain  measured.  Creep  is  then 
allowed  to  occur  (A-B)  until  such  a time  that  removal  of  a weight  will  return 
the  sp  cimen  to  its  original  length  (point  C),  but  at  a lower  stress  (S2).  When 
a large  number  of  small  equal  weights  are  used,  the  resulting  step-wise 
curve  of  residual  stress  versus  elapsed  time  approaches  the  theoretical 
smooth  curve. 


There  is  a practical  limit  of  weight  decrement  below  which  it  is  not  ad- 
visable to  go.  Accuracy  is  greatly  reduced  if  the  length  of  time  for  a relaxa- 
tion step  to  occur  is  of  the  same  order  as  that  for  unavoidable  small  tempera- 
ture cycles;  or  if  the  strain  decrement  upon  removal  of  a load  is  not  consid- 
erably larger  than  the  sensifivity  of  the  extensometer  system.  (A.  change 
temperature  of  1°F  results  m a change  in  length  of  approximately  10  x 10” 
inches/inch,  which  is  some  two  or  three  times  the  sensitivity  of  the  exten- 
someter  used. ) 


with  a tew  exceptions,  relaxation  data  published  in  the  past  have  been 
run  at  stresses  somewhaL  below  the  proportional  limit.  (See  Rt.f.  10.)  A.t 
such  relatively -low  stresses  the  relaxation  process  is  slow  enough  to  per- 
mit accurate  determination  of  the  time  when  a weight  should  be  removed  in 
the  step-down  type  of  test.  In  the  present  investigation  the  higher  stresses 
permit  less  exact  determination  of  the  proper  time  for  reiievai.  Xhe  matte: 
of  reproducability  of  results  during  the  early  part  of  a test  becomes  of  con- 
cern. 


Results  from  duplicate  runs  with  Inconel  X-550  and  Waspaloy  are  com- 
pared in  Figure  22.  Also  shown  arc  data  for  three  specimens  of  S-8I6,  all 
relaxed  at  1350°F  from  the  initial  stress  of  40,000  psi.  For  each  material 
the  scatter  between  tests  was  quite  small  compared  with  the  larg*»  drop  in 
stress  which  occurred  by  relaxation. 


Relaxation  characteristics  are  shown  separately  for  the  three  matericTs 
in  Figures  23  thr^'iigh  25.  Ail  three  plots  are  presented  to  the  same  scale 
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fr>r  <~OTr(parison  with  one  another  and  with  Figure  22.  Time  has  beei> 

plotted  on  a hyperbolic  sine  scale,  rather  than  the  Msual  log  scale,  so  that  the 
early  portion  of  the  curves  could  be  included  all  the  way  to  ?;?.ro  time.  At 
times  up  to  one  hour,  this  scale  is  nearly  linear,  allowing  easy  interpolation 
of  relaxation  curves  in  the  region  of  greatest  interest  in  the  present  study. 

At  times  beyond  10  hours,  the  hyperbolic  sine  scale  and  the  logarithmic  are 
essentially  the  same. 

When  the  sets  of  relaxation  curves  are  compared,  both  contrasts  and 
similarities  are  apparent.  In  all  three  cases,  the  residual  stress  level  after 
a period  of  less  than  100  hours  was  nearly  the  same  for  a given  alloy  and 
temperature,  regardless  of  the  starting  stress.  At  the  end  of  20  hoars,  all 
Inconel  X-550  specimens  were  at  about  45,000  psi,  while  all  tests  for  the 
other  two  zdloys  had  residual  stresses  of  one-third  this  value  or  less  after 
the  same  time  interval. 

The  most  significant  difference  between  the  sets  of  data  is  the  short  rup- 
ture life  of  the  Inconel  X-550  at  the  45,000  psi  residual  stress  (about  260 
hours),  contrasted  with  several  thousand  hours  for  Waspaloy  and  S-816  at  a 
residual  stress  of  15,000  psi  at  their  respective  test  temperatures. 


t. 


2 

1 

I 

f: 


In  all  three  cases  studied,  for  the  lower  stres 
of  stress  level  was  moderate  and  the  individual  curves  slowly  approached 
common  values  over  a period  of  from  10  to  100  hours,  Thds  behavior  appears 
to  be  t^ipiral  for  all  stresses  below  the  proportional  limits  measured  at  the 
test  temperature.  Higher  starting  stresses  exhibited  an  abrupt  drop  in  stress 
level,  with  relaxation  curves  for  a high  initial  stress  crossing  over  those 
started  at  lower  values.  In  a matter  of  hours  the  residual  stresses  were  nearly 
in  exact  opposite  order  to  those  at  the  start  of  the  relaxation  tests  for  the 
conditions  investigated.  Although  this  was  somewhat  unexpected  behavior, 
there  appears  to  be  sufficient  substantiating  relaxation  data  in  the  literature 
to  indicate  that  plastic  deformation  on  loading  does  reduce  resistance  to  re- 
laxation. 


The  questions  remain  as  to  the  effect  on  relaxation  behavior  of  rapid  strain 
ing  such  as  might  occur  in  fibers  near  the  root  of  a notch  when  the  load  is  ap- 
plied to  a notched  tensile  specimen.  An  indication  of  the  results  to  be  expected 
was  obtained  by  momentary  overloading  of  a few  smooth  specimens  before 
testing.  These  specimens  were  brought  to  temperature  in  a creep  unit  and 
weights  v.'ere  added  until  the  desired  amount  of  strain  had  been  introduced. 

The  excess  weights  were  then  quickly  removed  to  give  the  starting  stress  for 
the  test. 

For  S-816,  Figure  26,  prior  straining  of  from  2,65  tc  4 percent  caused 
a markedly  faster  drop  of  stress  level  at  early  times.  At  the  end  of  the  first 
hour,  residual  stresses  were  some  5000  to  10,000  psi  lower  than  they  had 
been  for  specimens  not  previously  overloaded.  At  longer  times,  the  effects 
of  prior  overloading  gradually  became  less  noticeable  and  seemed  to  have  dis- 
appeared by  the  end  of  about  100  hours. 

Smaller  initial  plastic  strains  used  in  tests  on  the  oih«r  two  alloys,  Fig- 
ure 27,  had  little  effect  on  relaxation  rates  for  the  conditions  studied.  How- 
ever, what  small  changes  did  appear  to  result  from  prior  straining  were  always 
in  the  direction  of  faster  relaxation.  Considering  all  the  results  at  hand,  it 
appears  safe  to  conclude  that  plastic  deformations  up  to  a few  percent  of  strain 
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should  not  interfere  with  relaxation  of  stresses  in  notched  bars  of  the  mat- 
erials being  considered,  and  would  probably  even  promote  relaxation  in  the 
case  of  S-816  at  1350°F. 

Since  relaxation  is  really  a creep  process  in  which  parts  of  the  specimen 
are  constrained,  any  treatment  which  accelerates  the  relaxation  process 
should  similarly  increase  creep  under  steady  stress.  Ci'eep  data  obtained 
during  the  first  5 to  10  minutes  of  various  tests  with  S-816  have  been  assembled 
in  Figure  28  for  specimens  with  and  without  initial  plastic  straining  by  momen- 
tary overloading  to  60,000  psi.  Four  prestrained  specimens  indicate  a very 
definite  increase  in  creep  rates  above  those  for  other  specimens  at  the  same 
stresses  but  not  overloaded  prior  to  the  test.  Data  at  longer  test  times  are 
fr  ag  m.entary,  but  other  pairs  of  tests  at  40,000  and  36,200  psi  showed  the 
curves  for  prestrained  specimens  still  to  be  drawing  away  from  those  without 
prestrain  at  the  end  of  2 hours.  At  that  elapsed  time  the  total  creep  for  the 
four  tests  may  be  tabulated. 

TABLE  1.  COMPARATIVE  TOTAL  CREEP  OF  S-816  AT  1350“F  DURING 
THE  FIRST  TWe  HOURS  WITH  AND  WITHOUT  PRIOR  PASTIC  STRAIN 


Spec.  No,  Initial  Plastic  Strain  and 

How  Obtained 


Initial  Stress  Total  Creep  in  ls<‘ 
(psi) 2 Hrs  (in.  /in.  ) 


OS-S19 


S-S20 


OS-BS42 


S-S2? 


0.0048;  momentary  loading 
to  50;  000  psi 
0. 00015 

0.0293;  momentary  loading 
to  60,  000  psi 

A A A A 1 A 
V • W V A 


40, 000 
40, 000 
36,200 
36,  200 


0. 00925 


0. 00725 


0. 00645 
0.00340 


While  these  tests  may  not  constitute  proof  that  S-816  should  be  expected 
to  relax  more  rapidly  after  prior  straining,  the  period  over  which  an  increased 
creep  rate  was  obtained  by  initial  overloading  appears  to  be  long  enough  to 
account  for  the  period  of  very  rapid  initial  reiaxatioa  observed  for  specimens 
deliberately  prestrained,  as  well  as  for  those  which  exceeded  the  proportional 
iiiViit  just  by  loading  to  the  starting  stress. 


Creep  to  Rupture  Under  Single  and  Multiple  Stress  Levels 


Among  the  basic  data  needed  for  the  proposed  analysis  are  creep  and 
rupture  properties  for  stresses  expected  in  a notched  bar.  Such  conventional 
creep  curves,  each  run  at  a single  stress  level,  are  included  on  Figures  29 
through  31.  Table  2 lists  times  until  rupture  for  these  tests,  along  with 
elongation  and  reduction  of  area  values.  {See  page  13.  ) 

Rupture  times  have  been  plotted  in  Figure  32,  including  data  of  Carlson 
and  Simmons  mentioned  previously  (Ref.  9). 
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TABLE  2.  STRESS  - RUPTURE  TIME  DATA  OBTAINED 


Spec,  No. 


Stress 

(psi) 


Rupture  Time 
(V^ours) 


Elongatio'’.^ 

(percent) 


Reduction  of  Area 
(percent) 


S-816  at  1350"F 


I * 

f, 


S-310 

65,  000 

1.  2 

37 

39.  5 

S-S17 

55, 000 

4.  25 

34 

49.  5 

S-S13 

45,  000 

25.2(t0.  8) 

52 

58 

S-S20 

40,000 

77.  3(t2) 

- - 

54 

S-S22 

36, 200 

142.  8 

43 

53 

S-S9 

35, 000 

180.  6 

38 

51.  5 

Waspaloy  at  1500°F 

S-W171 

70, 000 

0.  10 

6.  5 

9.  5 

S-W157 

60,  000 

0.  50 

7.  5 

10.  5 

S-W175 

50, 000 

2.4 

7.  5 

11.  5 

S-W163 

40, 000 

10.  15 

7.  5 

9.5 

S-W162 

30, 000 

65.  6 

9 

S-W174 

23, 000 

292.  1 

9 

12 

S-W161 

20,000 

498.9 

12 

1 3 

S-W173 

17,000 

1129,  8 

7 

10 

Inconel  X-550  at 

1350'F 

S-X512 

80. 000 

0.  84 

4.  5 

7.  5 

S-X504 

•yn  AAA 
» u » \jO\j 

4.6 

C 

6 

O-ASUO 

70, 000 

7.  2 

4.  5 

6.  5 

S-X51i 

60, 000 

36.  7 

2.  5 

5.  5 

S-X505 

50, 000 

161.4 

1 

3 

S-X509 

35, 000 

1646.9 

0.  5 

0.  5 

Based  on  gauge  length  of  2.  1 inches, 


To  be  able  to  estimate  the  life  expectancy  of  a fiber  in  a notched  ten- 
sile bar  in  the  manner  proposed  for  this  project,  one  must  know  not  only 
the  changes  in  stress  which  occur,  but  also  what  fraction  of  total  life  is  ex- 
pended by  a given  sojourn  at  each  stress  level.  It  would  appear  that  expend- 
iture of  life  should  be  related  either  to  the  length  of  time  a stress  has  been 
acting  at  elevated  temperature,  or  to  the  amount  of  creep  which  has  taken 
place  at  the  temperature  and  stress.,  or  perhaps  to  some  combination  of  time 
and  stress. 

Guarnieri  and  Yerkovich  (Ref.  11)  have  suggested  a method  for  handling 
periodic  overstressing  which  amounts  to  adding  for  each  stress  the  fraction 

actual  creep  elongation  at  the  stress  . 
elongation  to  rupture  at  the  stress 
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In  a second  method,  proposed  by  Robinson  (Ref.  12)  without  supporting  data, 
fractiona  added  are  equal  to  the  ratio 

actual  time  at  a given  stress  level 

rupture  life  at  the  stress  in  a conventional  constant-load  test 

Beth  these  methods  for  adding  portions  of  life  become  the  same  for  a mater- 
ial with  uniform  elongation  at  rupture  over  the  range  of  stresses  of  concern, 
and  for  which  the  creep  curves  are  all  of  the  same  type,  i.  e.  , with  the  same 
proportion  of  primary,  secondary  and  tertiary  creep  from  curve  to  curve. 

Of  the  three  alloys  studied,  two  had  quite  uniform  elongation  at  rupture  for 
the  stress  ranges  investigated,  (The  variation  of  elongation  for  S-816  at 
1350*F  was  from  39  to  58  percent;  and  for  Waspaloy  at  1500“F,  from  6.  5 to 
12  percent.  ) 

In  contrast,  the  Inconel  X-550  data  showed  a ten-fold  spread  in  percent 
elongation.  Results  of  multiple -stress  tests  for  Inconel  X-550  at  1350°F 
could  indicate  the  relative  applicability  cf  strain  fractions  and  of  time  frac- 
tions as  a measure  of  life  used  up  at  any  stress  in  a variabh^  stress  history. 
Eight  tests  were  performed  with  Inconel  X-550  in  which  the  stress  level  was 
changed  to  a second  value  part  way  through  the  test.  In  Table  3 (see  page  15), 
experimental  results  are  compared  with  calculations  based  on  rupture  and  e- 
longation  data  (Figures  32  and  33)  for  single-stress  rupture  tests. 

Some  doubt  exists  as  to  the  best  curve  at  low  stresses  in  Figure  33, 
but  even  allowing  for  the  probable  scatter  from  this  cause,  the  calculations 
using  strain  as  a n-easure  of  life  expended  seemed  to  err  consistently  on  the 
side  of  predicting  loo  long  a life.  On  the  other  hand,  the  use  of  time  frac- 
tions gave  results  which  scattered  nearly  equally  in  both  the  high  and  low 
directions,  with  a maximum  deviation  observed  of  some  25  percent. 

Data  for  Table  4 (see  page  16)  for  S-816  and  Waspaloy  further  support 
the  audibility  of  time  reactions  of  rupture  life.  These  results  do  not,  how- 
ever, constitute  an  argument  against  the  use  of  strain  as  a measure  of  life 
used  up,  as  has  been  mentioned  above. 

A few  representative  multi-stress  creep  curves  have  been  included  on 
Figures  29,  30  and  31,  These  plots  offer  at  least  qualitative  support  for  the 
finding  that  time  fractions  of  rupture  lite  are  additive.  The  shape  of  the 
creep  curve  at  a given  stress,  and  after  a given  fraction  of  total  life  is  gone, 
seems  to  be  just  about  the  same  beyond  that  fraction  of  life,  regardless  of 
the  stresses  at  which  this  fraction  of  life  was  consumed. 

Considering  all  15  mullipie -stress  rupture  tests  tor  the  three  materials, 
the  maximum  discrepancy  of  26  percent  for  any  single  test  is  within  the 
scatter  exfiecied  for  the  usual  single-stress  test  to  rupture.  Further,  if 
the  results  for  all  15  tests  are  averaged,  addition  of  fractions  of  rupture 
lives  checks  the  experiments  quantitatively  within  one  percent.  It  is  con- 
cluded that  for  variable -stress  tests  ox  the  materials  under  study  Lhe  por- 
tion of  life  used  up  during  a period  of  time  at  any  particular  stress  is  equal 
to  the  fraction 

Actual  time  at  the  given  stress  , 

Rupture  li^e  for  tiiat  stress 
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A Relationship  Between  Creep  and  Relaxation  Properties 


The  quantitative  nature  of  the  results  established  in  the  previous  section 
gives  thenri  far-reaching  significance.  If  the  law  established  for  the  limited 
range  of  variables  investigated  ran  be  extended  to  higher  and  lower  stress 
ranges,  then  it  should  be  possible  to  predict  relaxation  characteristics  direct- 
ly from  a family  of  creep  curves.  Relaxation  properties  could  then  be  es- 
tablished at  stresses  above  those  feasible  for  study  with  the  step-down  meth- 
od using  known  equipment. 

Most  attempts  to  cori'elate  creep  and  relaxation  have  centered  about  so- 
called  time -hardening  and  strain-hardening  assumptions.  In  the  former, 
creep  rate  is  taken  to  be  a function  only  of  the  variable  stress  and  the  total 
elapsed  time,  while  the  latter  assumes  creep  rate  to  vary  only  with  the  stress 
and  accumulated  plastic  strain.  Figure  34  illustrates  these  two  rules  for  a 
simplified  case  with  four  discrete  levels  in  a step-down  test  with  an  exagger- 
ated creep  of  one  percent  at  each  stress  in  turn. 

T.be  life -fraction  rule  substantiated  above  can  also  be  applied  to  these 
hypothetical  curves: 

1.  One  percent  strain  at  the  stress  Sj  takes  two  hours.  This  is  20  per- 
cent of  the  10-hour  rupture  life  assumed  for  Sj. 

2.  The  new  creep  curve  at  the  next  stress  S2  begins  at  20  percent  of 

its  rupture  life  (20  hours)  or  at  a total  time  of  four  hours.  One  percent  strain 
along  this  curve  ends  at  8,  6 hours.  Therefore,  the  life  "used  up"  at  S2  is 
for  (8.6  - 4)  = 4.  6 hours  out  of  20  hours  rupture  life,  or  about  23  percent. 

Now  the  total  life  which  has  expired  is  0.20  + 0.23  = 0.  43. 

3.  At  stress  S3  the  nev/  creep  segment  begins  at  (0.43)  (40  hours)  = 

17.  2 hours.  One  percent  of  strain  uses  up  29  percent  more  life. 

4.  Continuing  the  procedure  to  the  last  stress  S,j,  after  4 perrert  total 
creep  the  specimen  ends  up  at  the  73-hour  point  on  this  curve,  with  approx- 
imately 7 hours  of  life  remaining. 

In  comparison,  the  time -hardening  and  Dtralu-hardening  rules  indicate 
that  the  4 percent  tutal  strain  corresponds  respectively  to  about  the  40-  and 
SO -hour  points  on  the  S4  curve. 

The  data  for  Inconel  X-550  relaxing  at  1350®F  from  an  initial  stress  of 
60,000  psi  presented  an  unusual  opportunity  to  check  for  a quantitative  re- 
lationship since  creep  data  were  already  on  hand  (see  Figure  35)  and  since 
the  relaxation  had  been  slow  enough  that  the  early  stages  of  the  curve  were 
known  fairly  accurately,,  The  three  suggested  rules  for  predicting  relaxa- 
tion behavior  from  creep  data  have  been  applied  to  the  stress  levels  used 
experimentally  with  relaxation  specimen  RS-X501,  data  for  which  were  in- 
cluded on  Figure  25.  Details  of  the  calculations  are  included  in  Appendix  I. 
Pertinent  resoits  are  summarized  in  Table  5 below. 
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TABLE  5.  EXPERIMENTAL  AND  CAl.CULATED  RELAX  A.TION  BEHAVIOR 
FOR  INlONEL  X-550  AT  1350T  FOR  .AN  INITIAL  STRESS  OF  60,050  PSI 


Residual 

Elapsed  Time  (hours) 

c 

Stress 

Experimental 

Strain-Hardening 

J->ife  Fraction 

Tame  -Hardening 

1 ■ 

1 

(psi) 

Rule 

Rule 

Rule 

60, 050 

0 

0 

0 

0 

56,820 

0.  37 

0.4 

0.4 

0.  4 

; 

53,680 

1.53 

i. 

1.  2 

1.2 

50, 550 

5.  5 

5.8 

5.2 

5.  0 

47,410 

15.  1 

16.6 

16.  0 

15.  5 

44,300 

35.  0 

33. 1 

33 

31.  5 

» 

41,  190 

66.  0 

48.  1 

52 

57.  8 

k 

f 

38.060 

115 

73.6 

114 

123 

34,910 

,198 

106 

164 

224.  5 

31, 790 

321 

181 

294 

498 

As  might  be  anticipated  from  the  hypothetical  case  depicted  in  Figure 
34,  all  three  rules  give  substantially  identical  answers  at  high  stresses  where 
the  curvature  of  the  creep  curves  is  slight.  At  longer  times  the  three  solu- 
tions spread  widely,  with  the  error  for  the  time -hardening  and  strain-hard- 
ening assumptions  tending  in  opposite  directiois  from  the  experimental  val- 
ues. The  life-fraction  rule,  in  contrast,  agrees  remarkably  well  with  the 
test  data. 
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Perhaps  a more  convincing  demonstration  is  offered  by  a pair  of  relaxa- 
tion tests  performed  with  Waspaloy.  Each  was  started  from  an  iniciai  stress 
of  40,  000  psi,  but  one  was  allowed  to  creep  at  that  stress  for  4.  37  hours 
(0.  0206  inches /inch  creep  strain)  before  the  step-down  relaxation  process 
was  begun.  Creep  curves  for  40,000,  30,000,  and  20,000  psi  have  already 
been  reported.  They  are  re-drawn  to  larger  scale  in  Figure  3b.  An  inter- 
mediate curve  for  25,  000  psi  has  also  been  added  by  the  following  expedient: 
Specimen  RS-W176  had  been  allowed  to  creep  to  rupture  at  25,000  psi  after 
relaxation  to  that  stress  from  50,000  psi.  The  sum  of  fractions  of  life  used 
up  at  the  several  atrcs»ea  In  the  step-down  relaxation  test  was  about  10 
percent,  which  is  equivalent  to  15  hours  at  25,000  psi.  If  the  proper  strain 
at  15  hours  were  kno\  n,  the  creep  curve  for  25,000  ps5  could  be  continued 
from  the  point  so  located.  The  curve  shown  in  Figure  30  was  drawn  through 
the  0.  00114  inches /inch  total  strain  observed  for  the  cumulative  relaxation 
steps,  even  though  this  is  probably  somewhat  greater  than  the  creep  which 
would  occur  in  15  hours  at  a constant  stress  of  25,000  psi. 

Appendix  II  gives  details  of  the  calculations  involved  to  obtain  the  results 
of  Table  6 (see  page  20),  which  are  also  shown  graphically  on  Figure  37. 
Agreement  between  experimental  and  calculated  results  is  satisfactory  whether 
or  not  extensive  prior  creep  occurred  before  the  ralaxation  run. 

In  a recent  paper  (Ref.  13),  Roberts  reported  that  the  strain-hardening 
assumption  yields  accurate  relaxation  results  from  creep  data  for  carbon 
steel  and  for  S-816.  In  view  of  statements  made  previously,  this  is  not  in 
conflict  with  the  presen*-  finding.  For  both  these  materials,  variation  in 
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distinguish  differences  between  results  obtained  using  the  strain-hardening 
and  life-fraction  rules. 
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Estimate  of  Portion  of  Life  Consumed  During  Typical  Relaxations 


Despite  the  apparent  validity  of  the  life -fraction  rule  for  runs  with  two 
or  three  discrete  stress  levels  during  a test,  it  seemed  advisable  to  com- 
pare the  remaining  rupture  life  after  a relaxation  with  that  predicted  by  the 
rule.  The  first  check  tests  were  with  S-816  at  1350°F,  for  which  alloy  and 
temperature  the  relaxation  is  so  rapid  that  only  a very  small  fraction  of  the 
total  life  should  be  used  up  during  the  relaxation  period. 

Specimen  RS-S7  was  first  relaxed  from  50,000  psi  initial  stress  to  30,000 
psi  in  0.  325  hours.  The  specimen  lasted  at  the  lower  stress  an  additional 
675.4  hours  before  it  failed.  This  is  even  more  than  the  normal  rupture 
life  of  about  580  hours  at  30,000  psi. 

A second  specimen  (RRRS-S21)  was  subjected  to  three  successive  relax- 
ations from  40,000,  followed  by  creep  until  rupture  at  30,000  psi,  with  the 
temperature  maintained  at  1350“F  for  the  entire  series.  Tw’o  relaxation  runs 
from  40,000  psi  to  a residual  stress  of  10,000  plus  the  third  run  down  to 
30,000  psi  v/ere  estimated  to  have  used  up  only  about  one  percent  ol  the 
available  life.  This  was  substantiated  when  the  rupture  test  at  30,000  psi 
lasted  an  additional  669.  1 hours.  The  mere  fact  that  both  these  tests  lasted 
somewhat  longer  than  anticipated  is  not  considered  significant  in  that  the 
value  read  from  Figure  32  is  very  sensitive  to  slight  changes  in  fitting  the 
curve  to  the  test  points.  The  important  conclusion  seems  to  be  that  a brief 
period  of  high-stress  relaxation  has  little  detrimental  effect  on  rupture  life 
of  S-816  at  1350“F,  in  agreement  with  prediction. 

Six  specimens  of  Inconel  X-550  at  1350°F  were  sinailarly  run  to  rupture 
after  relaxation,  again  without  intermediate  cooling  between  parts  of  the 
test.  In  this  case,  how’cver,  the  time  required  for  relaxation  is  a significant 
pait  of  the  rupture  life  at  the  stresses  involved.  The  relaxation  period  may 
be  expected  to  consume  a substantial  portion  of  the  available  life  of  the  mat- 
erial. Findings  are  tabulated  for  easy  comparison.  (See  Table  7,  page  22.) 

Agreement  between  predicted  and  actual  results  is  notewoi  thy  when  one 
considers  that  many  of  the  rupture  times  used  for  these  calculations  involve 
extrapolations  of  a cycle  or  more  on  Figure  32. 
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A wide  variety  of  alloys  has  been  reported  to  show  a greater  resistance 
to  relaxation  when  the  same  specimen  is  re-run  after  a first  relaxation  test. 
In  the  data  of  Robmsen  (Ref.  10),  at  least  nine  sets  of  data  show  such  an  ap- 
parent strengthening  and  only  two  pairs  of  tests  give  any  hint  of  the  reverse 
tendency.  It  is  suggested  that  the  "strengthening"  often  observed  is  only 
typical  of  relaxations  occurring  in  the  primary  or  decreasing-rate  portion 
of  the  creep  curves  involved.  A second  relaxation  may  be  slower,  the  same 
rate,  or  faster,  depending  on  the  character  of  the  creep  at  the  stresses  and 
portion  of  life  concerned.  Two  repeated -relaxation  tests  performed  under 
this  contract  (Figure  38)  support  this  contention.  In  these  experiments,  after 
a specimen  had  been  subjected  to  one  relaxation  test,  it  was  reloaded  to  the 
initial  stress  and  allowed  to  relax  again,  f n,  at  the  same  test  temperature. 
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Spec. 

No, 

RRRS. 

X500 


RR- 

X501 


TABLE  7.  RUPTURE  TESTS  ON  INCONEL  X-550 
AFTER  PRIOR  RELAXATION 


Stress -Time  History 


Surrmation  of  FractionB; 
Time  at  Given  Stress 
R until  re  Life  at  Stress 


1)  Load  to  50,000psi,  relax  to  25,  300  psi  (90i>  hrs) 

2) Reload  to  50,000psi,  relax  to  28, 390  psi  (1 19.7  hrs) 

3)  Reload  to  50,  000  psi,  relax  to  37,  670  psi  (4.  5 hrs) 

4)  Allow  to  creep  to  rupture  at  37,670  psi  (4.3  hrs) 

1)  Load  to  60. 050  psi,  relax  to  22,  360psi(851  hrs) 

^ Reload  to  60,  050,  relax  to  38,  060  psi  (16.1  hrs) 
(Rupture  at  this  stress.) 


0.97 
0.  10 
0.  14 
0.  13 

0.84 

0.04 


1 . ! 0 


0 RP. 


I 


a 

.? 

i 


\ 

? 

I 

s 


RS- 

X502 

RS- 

X503 


ORS- 

X507 


' RS- 
X508 


1)  Relax  70,  000  psi  to  .31 , 850  psi  (758  hrs) 

^Reload  to  70,  000  psi  and  creep  to  rupture  (0.  22  hrs) 

1)  Relax  80, 000  psi  to  19,300  psi  (857 hrs) 

2)  Reload  to  50,  000  psi  and  creep  to  rupture  { i . 6 hrs) 


1)  Load  to  89, 760  psi  and  unload  (0.0012  inches/inch 
total  plastic  strain) 

2)  Reload  to  49,750  psi,  relax  to  24,  2 10  psi  (764  hrs) 

3)  Reload  to  50,  000  psi  and  creep  to  rupture  (0.  7 hrs) 


1)  Relax  70,  000  psi  to  35,  000  psi  (224  hrs) 

2)  Creep  to  rupture  at  35,000  psi  (344.  5 hrs) 


1.  06 

0,  04 

0.  77 

0 • 0 X 


0.  04 

C.  80 

0.  01 


0.  85 
0.  30 


1.  10 


0,  88 


0.  85 


1.  15 


Avp* 


0.  QR 


For  the  S -8 16,  all  three  relaxations  took  place  at  the  start  of  the  several 
creep  curves.  Only  at  the  very  beginning  of  the  first  run  was  the  rate  appar- 
ently higher  than  for  the  other  loadings.  This  may  be  a reflection  of  the  much 
faster  creep  commonly  observed  when  a specimen  is  first  loaded  or  it  may 
be  the  result  of  unavoidable  experimental  error  in  determining  the  very  short 
times  involved. 

The  situation  for  the  Inconel  X-550  experiments  is  in  sharp  contrast.  The 
first  relaxation  alone  accounted  for  most  of  the  life  of  the  specimen.  In  the 
repeated  loadings,  the  materieil  was  in  the  third  stage  of  creep.  Consequently 
in  each  run  the  stress  level  dropped  faster  than  it  did  the  previous  time.  A 
long  period  of  stress  relaxation  appears  to  harm  Inconel  X-550.  This  differ- 
ence in  behavior  might  be  expected  to  be  a key  factor  in  the  different  notch- 
bar  properties  of  the  two  alloys  at  this  temperature. 

We  are  now  in  position  to  distinguish  betwee  n the  effects  of  overloading 
S-816  before  testing  and  similarly  overloading  Waspaloy  or  Inconel  X-550. 

The  latter  two  alloys  have  very  little  pr.imary  creep.  The  small  change  in 
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relaxation  rate  which  appeared  to  result  from  prestraining  of  Waspaloy  or 
Inconel  X-550  was  probably  the  simple  result  of  iising  up  a portion  of  the  early 
life,  during  which  time  creep  is  slowest.  On  the  other  hand,  the  accelerated 
creep  and  relaxation  of  S-816  with  prestrain  was  too  large  to  have  resulted 
from  this  latter  cause. 
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Some  Additional  Checks  on  Addibility  of  T^upture  JLiveg. 


At  the  time  it  was  desired  to  start  tccts  on  the  effect  of  a period  of  relax- 
ation on  the  life  stiii  reinaining,  some  of  the  available  Waspaloy  specimens 
on  hand  had  already'  been  cooled  and  removed  from  the  test  units.  This  stress- 
time -temperature  history  differs  considerably  from  that  expected  in  the  fibers 
•of  a notched  bar,  hnt  rupture  testc  on  such  specimens  w’ere  believed  to  be 
of  probable  value.  Results  obtained,  including  those  for  specimens  with 
intermediate  cooling,  are  tabulated  below.  (See  Table  8,  page  24). 

From  these  data  it  appears  that  after  a relaxation  period  of  150  hours 
or  more.  Waspaloy  may  retain  only  about  half  the  rupture  life  normaiiy  ex- 
pected for  a given  high  stress  level.  In  all  but  tv^o  cases  the  total  life  ob- 
tained was  considerably  below  that  expected.  This  seems  to  be  contrary  to 
findings  in  the  multiple-stress  tests  described  previously  for  the  same  alloy 
and  temperature. 

The  chief  difference  between  these  tests  and  others  performed  in  this  in- 
vestigation appears  to  be  the  extended  relaxation  times  required  to  reach 
very  lov/  residual  stresses.  No  completely  satisfactory  explanation  has  been 
found  for  the  lov.'  rupture  strengths  obtained  for  these  runs,  but  the  possi- 
bility of  metallurgical  instability  of  Waspaloy  over  long  periods  at  ISOO^F 
warrants  fuiftier  consideration  in  the  section  on  metallurgical  factors. 
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TABLE  8.  RUPTURE  LIFE  AT  I500"F  OF  WASPaLOY  SPECIMENS 
AFTER  A PRIOR  RELAXATION  TEST 


Spec. 

No. 

RS- 

W151 


Ij  Relax  40,  OCO  to  4,  820  psi  a-t  15QQ“F/538  hrs) 
Unload  and  cool  to  room  temperature 
2)  Reheat  to  1500“F,  load  to  30,000  psi,  creep  to 
rupture  (30.5  hrs) 


Sunnnr<ation  ef  Etadions: 
Time  at  Given  Stress 
Ruptur"^Life  at  Stre^ 

0.  15 


0.  68 


0.83 


SrS-  i)  Creep  4.57  hra  at  4G,GGC  pai,  i50G“F 

WISZ  2) Relax  to  4, 850  psi  (227.4  hrs),  unload  and  cool 

to  room  temperature 

^Reheat  to  ,15QQ“F,  load  to  35,000  psi,  creep  to 
rupture  (7.2  hrs) 


0,  55 
0.  06 

0.39 


RS-  1)  Relax  50,  OUU  to  9,810  psi  at  1500®F  9259  hrs) 

cLi ivi  .(W  A w r w *ur e 

2)  Reheat  to  1500®F,  load  to  35,000  psi,  creep  to 
rupture  (10.5  hrs) 


0.  14 
0.  57 


ORS- 

W154 


W156 


1) Heat  to  1500”F.  Turn  off  and  cool  to  room  temp- 
erature (poor  temperature  distributinn) 

2)  Reheat  to  1500*F,  in  another  uititf  overload  to 
63,  100  psi,  unload  to  40,000  psi 

^ Relax  to  10,  000  psi  (151.7  hrs) 

4) Reload  to  30,000  psi,  creep  to  rupture  (26.3  hrs) 


1) Load  to  70,000  psi  at  1500*F  (0.  0C140  inches/ 
inch  plastic  strain 

2)  Relax  to  3,800  psi  (176  hrs) 

3)  Reload  to  40,250  psi,  creep  to  rupture  (2.73  hr^) 


0.08 

0.  09 

0.59 


0.  17 
0.  36 


0 7^ 
%/  » » 


0.  6** 


ORS-  1)  Overload  to  81,600  psi  at  1500®F.  Unload  to 
W159  40,500  psi  (0.0149  inches /inch  total  strain) 

2)  Relax  to  6,400  psi  (81  hrs) 

3) Reloao  to  30,200  psi,  creep  to  rupture  (10.7  hrs) 
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COMPARISON  OF  NOTCHED-BAR  RUPTURE  BEHAVIOR 
WITH  RELAXATION  PROPERTIES 


Conditions  chosen  for  study  in  this  investigation  have  since  been  shown 
(Ref.  9)  to  give  two  different  types  of  notched  behavior.  Two  of  the  alloys 
(S-8,\6  at  i350°F  and  Waspaloy  at  1500°F)  exhibit  notch  strengthening  over 
the  entire  range  of  stresses  tested.  The  third  material  (Inconel  X-550  at 
i350°F)  was  strengthened  slightly  by  a notch  at  high  nominal  stresses,  but 
was  increasingly  weakened  by  a notch  at  lower  applied  stresses,.  It  is  nought 
to  explain  this  observed  difference  in  behavior  in  terms  of  tensile  proper- 
ties, creep  and  rupture  data,  and  relaxation  characteristics. 
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For  the  multi-axial  stress  condition  around  a notch,  the  effective  stress 
(S)  causing  yielding  or  controlling  creep  rates  and  rupture  lives  is  tentatively 
assumed  to  be  that  indicated  by  the  maximum  shear-strain  energy  theory: 

2 (S)  = (S^  - Sh)'^  = (Sa  - Sr)2  + (Sh  - Sj.)^  . (1) 

where  Sa,  S^,  and  Sj.  are  respectively  the  principal  stresses  in  the  axial, 
hoop,  and  radial  directions  of  the  specimen.  Any  occurrence  w'hich  reduces 
the  difference  between  any  pair  of  these  principal  stresses  will  be  reflected 
in  a decreased  effective  stress,  with  consequent  extension  of  life  under  the 
creep  conditions  present.  Such  a reduction  in  effective  stress  may  result 
from  the  combined  effects  of  plastic  yielding  near  the  notch  .root  on  loading 
the  specimen  and  of  creep  relaxation  during  early  stages  of  the  test.  The 
highest  principal  stress  should  relax  faster  than  does  the  internediate  prin- 
cipal stress,  while  the  smallest  principal  stress  should  decline  the  slowest 
of  all.  As  the  stress  differences  in  Equation  (1)  become  smaller  through 
this  mechanism,  the  effective  stress  must  fail. 


The  cases  of  notch  strengthening  found  above  are  hypothesized  to  re- 
present materials  such  that  initial  plastic  yielding  plus  relaxation  of  remain- 
ing ccncertrated  stresses  can  reduce  the  effective  stress  below  the  nominal 
avial  5tr'*es  without  using  up  very  nvuv-h  v,f  the  alloy^s  total  rupture  life. 


For  Inconel  X-550  at  1350”F,  however,  at  the  lower  nominal  stresses 
studied  (about  a half  of  the  0.  2 percent  offset  yield  strength)  plastic  yield- 
ing should  be  limited  and  relaxation  is  slow  enough  that  a substantial  amount 
of  life  should  be  consumed  during  the  time  period  required  for  the  effective 
stress  to  relax  to  a value  below  the  nominal  stress. 
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Outlines  of  a Proposed  Method  for  a Quantitative  Correlation  of 
Notched-Bar  Behavior  and  Smooth-Bar  Properties 


V 


As  mentioned  in  the  Introduction,  the  basic  nremiso  being  followed  in 
this  work  is  that  a notch  introduces  nothing  inherently  new  into  properties 
of  an  alloy,  but  only  changes  the  stress-strain  histories  of  fibers  in  the 
notched  bar.  If  one  were  to  reproduce  in  a smooth  bar  the  history  exper- 
ienced by  any  fiber  of  a notched  bar,  the  life  for  each  should  be  the  same. 

The  problem  resolves  itself  into  two  parts: 

1.  following  the  history  of  representative  fibers  in  a notched 
bar . and 

2.  formulating  general  rules  for  total  life  of  a fiber  under  var- 
ious histories  of  stress  and  strain  at  the  test  temperature. 

It  is  felt  that  the  data  presented  in  the  previous  sections  of  this  report 
are  sufficiently  quantitative  and  extensive  for  treatment  of  any  fiber  loaded 
to  stresses  within  the  elastic  range  or  uptoplastic  strains  of  the  order  of 
one  percent.  Initial  stresses  for  portions  of  a notched  bar  within  the  elcistic 
limit  can  be  calculated  from  elasticity  theory.  For  plastic  portions,  methods 
available  are  somewhat  more  approximate,  but  the  errors  made  in  estimat- 
ing initial  stresses  and  strains  are  not  expected  to  seriously  alter  the  final 
calculations. 

For  the  purposes  of  discussion  it  will  be  assumed  that  the  initial  prin- 
cipal stresses  and  initial  principal  strains  in  tlie  plane  of  a notch  can  be 
determined  for  fibers  located  at  representative  radii  from  the  axis  of  a 
notched  specimen.  For  each  of  such  fibers  the  effective  stress  may  be  cal- 
culated and  tabulated.  Considering  an  appropriate  time  increment  (eg.  , 
aT  = 0.  1 hour),  the  decrease  by  relaxation  of  the  effective  stress  in  any 
fiber  may  be  estimated.  The  resulting  residual  effective  stress  may  be  re- 
solved again  into  components;  addition  of  the  axial  componerts  for  all  fibers 
gives  the  applied  load  which  would  be  supported  in  the  state  of  relaxed  stress. 

But  the  total  axial  thrust  must  not  drop--it  still  must  equal  the  applied 
tension,  To  bring  the  calculations  back  to  actual  conditions,  the  load  "dropped" 
by  relaxing  fibers  must  be  "picked  up"  again  by  the  bar.  This  step  may  be 
imagined  to  be  the  same  as  an  elastic  addition  of  the  same  amount  of  load 
to  a bar  of  the  existing  cross  section  and  notch  geometry,.  (As  the  process 
carries  on,  changes  in  notch  root  shape  or  in  cross  section  at  the  base  of 
the  notch  should  occur  by  progressive  creep.  Suitable  corrections  are  to 
be  applied. ) 

When  the  prircipal  stresses  of  all  fibers  have  been  rectified  to  give  the 
proper  total  axial  thrust,  new  values  of  the  effective  stress  can  be  calculated. 
Each  fiber  has  now  withstood  a known  average  stress  for  the  length  of  time 
( AT)  during  which  the  above  cycle  occurred.  Comparison  with  the  conven- 
tional smooth-bar  rupture  life  at  this  stress  tells  what  portion  of  the  total 
life  of  the  fiber  has  been  "used  up,  " 
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The  calculations  are  tc  be  repeated  for  as  many  cycles  as  are  necessary 
until  the  entire  life  of  some  fiber  is  calculated  to  have  expired.  The  total 
elapsed  time  until  this  occurs  may  finally  be  compared  with  experimental 
rupture  values  for  actual  r.otched  specimens. 

If  the  effective  stress  fails  to  give  a reasonable  correlation,  other  com- 
binations of  the  principal  stresses  may  be  tried.  It  might  be  noted  that  relax- 
ation alone  cannot  account  for  the  existence  of  notch  strengthening  ifthe  maxi- 
mum individual  principal  stress  is  the  significant  one  determining  rupture 
life. 


Test  Data  Still  Lacking  for  Proposed  Quantitative  Correla- 
tion Attempt 


The  critical  fibers  in  a sharply  notched  bar  are  expected  to  be  those 
immediately  at  the  base  of  the  notch  or  just  belcw  this  surface.  It  is  these 
particular  fibers  for  which  the  initial  strain  is  difficult  to  obtain  when  local 
stresses  exceed  the  yield  point.  (The  stress  would  be  known  from  tensile 
data  once  the  aaignitude  of  strain  Is  detemdned.) 

The  magnitude  of  strain  on  loading  must  also  be  knov/n  to  determine 
whether  additional  relaxation  and  creep  data  are  required,  since  effects  on 
rcla.'cation  properties  of  more  than  about  one  percent  strain  have  not  been 
obtained  in  the  present  investigation. 

Some  studies  of  changes  in  notch  shape  when  specimens  are  first  loaded 
have  been  started  by  Carlson  and  Simmons  as  part  of  their  work.  Gross 
changes  in  shape  appear  to  be  small  according  to  preliminary  work,  but 
microexamination  of  the  material  iii  the  immediate  vicinity^  of  the  notch  root 
may  sliow  significantly-larger  Iccaliaed  strains. 


f 

i 


Until  data  about  strains  on  leading  are  available,  any  attempt  at  a quant- 
itative correlation  is  open  to  serious  objection. 


Qualitative  Comparison  of  Notch  Sensitivity  and  Relaxation 
Properties 


The  outstanding  observation  about  the  relaxation  data  obtained  is  the 
much  slower  rate  for  Inconel  X-55G  at  1350°F  than  for  the  other  two  alloys 
at  the  temperatures  studied.  It  would  be  instructive  to  determine  whether 
the  order  of  difference  in  relaxation  strengths  observed  is  sufficient  to  ac- 
count for  differences  in  notch  behavior  reported  by  Carlson  and  Simmons. 

in  any  sharp-notched  specimen  loaded  to  stresses  of  practical  interest, 
localized  yielding  may  be  supposed  to  occur  near  the  notch  root.  Of  possible 
significance  is  the  relative  portions  of  life  estimated  to  be  expended  by  a 
fiber  in  a smooth  bar  while  it  relaxes  from  the  0.  ^ percent  offset  yield  stress 
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to  the  stress  at  which  rupture  would  occur  in  1000  hours  under  steady  load. 
Order -of-magnitude  results  are  listed  in  Table  9 (see  page  29)  for  the  sim- 
plified case  of  three  finite  stress  levels  in  a step-down  process. 

This  tabulation  (Table  9,  page  29)  suggests  several  points  of  interest; 

1.  Due  to  a low  yield  point  and  very  rapid  rates  of  relaxationcf  S-816 
at  1350 ”F,  any  stress  concentration  is  reduced  so  rapidly  that  very  little 
life  would  be  used  up  under  any  circumstances  at  the  root  of  a notch.  For 
these  reasons,  it  would  be  almost  impossible  to  have  notch  sensitivity  in 
this  alloy  with  the  treatment  used,  as  ali  data  show.  It  was  shown  earlier 
that  small  amounts  of  yielding  reduce  resistance  to  relaxation  for  S-816. 

Thus  the  low  yield  strength  contributes  to  reduction  of  stress  concentrations 
even  after  all  the  load  has  been  applied.  The  yielding  and  relaxation  should 
help  to  reduce  the  effective  stress  below'  the  nominal  stress  and  thus  pro- 
long life. 

2.  Due  to  differences  in  yield  strength  and  in  rupture  strength,  Wasp- 
aloy  would  be  required  to  relieve  a much  larger  stress  concentration  than  was 
S-816.  Still  its  relaxation  strength  at  1500“F  is  low  enough  that  only  about 
20  percent  of  Waspaloy's  life  would  be  used  up  in  reducing  the  stress  to  the 
lOOO-hour  rupture  strength.  Further  relaxation  would  then  be  expected  to 
reduce  the  effective  stress  below  the  nominal  and  prolong  life  after  about 

10  hours.  Thus  it  appears  from  these  calculations  that  Waspaloy  would  have 
marginal  notch  sensitivity.  The  information  at  hand  is  not  complete  enough 
for  accurate  computations,  as  was  previously  discussed.  The  data  of  Carlson 
and  Simmons  (Figure  19)  show  that  this  alloy  was  slightly  strengthened,  an 
agreement  considered  very  good  for  the  rough  estimates. 

3.  Inconel  X-550  at  i350'F  had  much  higher  resistance  to  relaxation 
than  was  found  for  the  other  two  cases.  Combined  'vith  a larger  differen- 
tial beween  the  yield  and  rupture  strengths,  this  resulted  in  a substantial 
amount  of  life  being  used  up  at  high  stress  levels.  There  seems  little  uouht 
that  this  alloy  should  be  expected  to  show  notch  sensitivity  at  long  periods, 
as  has  been  found  experimentally  (Figure  18). 

4.  In  all  three  cases  the  initial  rate  of  relaxation  was  very  rapid.  Ac- 
cording to  the  approximate  calculations,  even  for  Inconel  X-550  at  1350"F, 
only  seven  percent  of  the  life  was  used  in  reducing  the  stress  of  a smooth 
bar  from  the  yield  stress  to  63,250  psi.  This  reduction  occurred  in  0.45 
hours.  Thus,  for  short-time,  high-stress  rupture  tests,  the  effective  stress 
would  be  reduced  below  the  nominal  rather  rapidly  v/ith  not  too  much  life 
being  used  up.  In  such  cases  rupture  times  beyond  those  for  smooth  bars 

V ould  be  expected.  This  was  found  in  tests. 

Apparently  at  least  two  factors  operate  to  show  notch  sensitivity  at 
longer  time  periods,  even  though  notch  strengthening  was  found  at  short  times. 

(1)  The  difference  between  the  yield  stress  and  the  nominal  stress  is  increased. 

(2)  The  material  stays  above  the  nominal  stress  for  a longer  time  due  to  slow 
rate  relaxation  at  lower  stresses. 

5.  The  relation  of  elongation  or  reduction  of  area  in  the  rupture  test  to 
notch  sensitivity  is  not  yet  clear.  Certain  theories  suggest  themselves.  One 
is  that  decreasing  ductility  with  time  to  fracture  is  associated  with  a metal- 
lurgi^5>l  change  which  increases  resistance  to  relaxation.  Another  would  be 
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that  the  plastic  deformation  at  the  root  of  the  notchd.ters  structure  in  such 
a way  as  to  reduce  the  amount  the  material  can  creep  before  fracture  aiid 
i therefore  shortens  rupture  life.  Possibly  the  pastic  flow  at  the  notch  might 

^ alter  a precipitation  reaction  in  such  a way  as  to  reduce  fracture  strength. 

I 

' 6.  It  appears  that  relaxation  rates  fox’  maierlals  of  the  type  considered 

and  for  the  test  temperatures  employed  are  quite  rapid  in  .all  cases.  Thus, 

I even  for  long-time  tests,  the  damage  caused  by  a notch  occurs  in  a relatively 

I short  time.  This  may  be  due  to  the  expending  of  a large  proportion  of  the 

j rupture  life  at  high  stresses  and/or  to  alteration  in  properties  due  to  the 
I plastic  flow  involved  in  relieving  stresses. 

It  follows,  however,  that  as  temperature  is  reduced  and  relaxation 
thereby  slowed  down,  there  should  be  a greater  tendency  for  notch  embrit- 
tlement. 
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SECTION  IV 

METALLURGICAC  FACTORS  INVESTIGATED 


The  compilation  oI  notch  rapture  data  in  Section  I indicated  nearly  com- 
plete lack  of  published  information  even  as  to  which  metallurgical  fctCtors 
are  most  important  in  affecting  notch  properties.  The  present  program, 
therefore,  studied  a number  of  metallurgical  variables  in  a somewhat  cursory 
manner,  rather  than  to  delve  into  one  or  two  aspects  of  the  subject.  Tests 
were  limited  to  S-816  and  Waspaloy  as  representing,  respectively,  a solid- 
solution  type  alloy  an  an  age-hardenable  alloy. 


Foremost  of  interest  was  whether  such  metallurgical  variations  as  are 
usually  encountered  in  practice  are  apt  to  induce  notch  brittleness.  It  was 
assumed  that  standard  alloys  properly  processed  and  heat-treated,  and  then 
tested  at  recommended  service  temperatures,  should  not  be  notch  brittle. 

It  is  presumed  that  the  alloys  under  consideration  should  not  be  evaluated 
for  this  purpose  below  1500°F.  Most  of  the  tests  were  accordingly  conducted 
at  that  temperature. 

These  metallurgical  studies  have  been  segregated  into  four  categories 
for  convenience  of  discussion; 

1.  Structural  and  property  changes  introduced  during  tests  of  alloys  in 
the  usual  condition  following  conventional  heat  treatment. 


« 

I 

% 
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2.  Abnormal  response  to  a standard  heat  treatment,  reflecting  effects 
of  past  history.  The  most  obvious  reason  for  such  abnormal  response  is 
development  of  unusually-large  grains  during  standard  treatment.  Other 
work  at  the  University  of  Michigan  had  indicated  that  such  excessive  grain 
growth  only  results  from  critical  deformations  of  the  order  of  0.  5 to  2 per- 
cent. In  practice  such  grain  growth  is  encountered  in  forged  blades  for  jet 
engines,  due  to  difficulty  in  avoiding  critical  deformations. 


Excessive  growth  of  grains  has  been  reported  to  be  associated  with 
low  ductility  which,  in  turn,  has  been  shown  to  occur  in  many  instances  of 
notch  sensitivity  at  elevated  temperatures.  It  is  also  possible  that  some  alloys 
may  have  varying  notch  characteristics,  depending  on  hot -working  conditions 
and  response  to  heat  treatment,  even  when  the  grain  size  is  normal. 

3.  Deviations  from  recommended  heat  treatments,  such  as  might  occur 
by  accident  or  through  errors  in  pyrometric  control.  In  actual  practice, 
for  different  reasons,  conditions  of  treatment  occasionally  deviate  from 
those  generally  prescribed.  Effects  of  such  occurrences  on  notch  properties 
should  be  useful  information.  Treatments  above  grain-coarsening  tempera- 
tures would  also  be  of  value  in  showing  the  maximum  effects  to  be  expected. 
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4.  Cold  working  or  other  extraneous  treatments  not  usually  included 
as  part  of  the  deliberate  conditioning  for  the  alloys  under  study.  Finished 
parts  maybe  subjected  to  additional  operations  which  influence  properties. 
One  such  operation  would  be  cold  straightening.  In  some  cases,  straight- 
ening is  performed  before  aging  or  after  partial  aging.  A few  tests  with  dif- 
ferent amounts  of  cold  deformation  performed  at  different  points  in  the  heat 
treatment  were  considered  a necessary  part  of  the  program. 

Surface -finish  effects  have  been  reported  to  have  a profound  effect  on 
tests  with  sharp  notches.  This  would  appear  to  be  a difficult  problem  to 
attack  and  has  not  been  considered  in  the  present  broad  program. 


Structural  Changes  During  Testing  of  Conventionally  Heat- 


Treated  Materials 


In  the  study  of  notched-bar  rupture  properties,  one  must  recognize  that 
structural  changes  induced  by  the  temperature,  time  at  temperature,  and 
stress  conditions  have  to  be  integrated  into  the  general  expla/iation.  Struc- 
tural changes  are  important  in  the  majiner  in  which  they  change  strength 
and  ductility  characteristics  from  those  of  the  initial  condition,  Any  parti- 
cular changes  in  properties  introduced  by  the  special  stress  conditions  asso- 
cieteri  with  a nntch  wrtulrf  Asm^ciallv  imTmTtant 


To  date  this  subject  has  been  investigated  to  only  a limited  extent  by 
metallographic  and  hardness  studies.  The  stress  - rupture  time  curves 
showed  changes  in  slope  which  arc  usually  associated  with  structural  changes 
during  testing.  The  short  rupture  times  for  Waspaloy  following  prolonged 
relaxation  (page  23)  suggested  property  changes  due  to  structural  alterations 
during  exposure  to  1500°F.  Likewiee  the  very  short  first  and  second  stages 
of  creep  found  for  Waspaloy  specimens  are  indicative  of  structural  instability. 

During  prolonged  testing  at  1350'F,  S-816  underwent  general  precipita- 
tion and  agglomeration  normal  for  the  alloy.  (Compare  Figures  14  and  39.  ) 
Photomicrographs  (Figures  40  and  41)  for  the  other  two  alloys  sifter  tests 
of  long  duration  also  show  no  drastic  alteration  of  structure.  Intergranular 
cracks  were  evident  in  all  cases.  Of  probable  significance  was  the  absence 
of  deep  surface  cracks  for  Inconel  X-550,  compared  with  the  many  ••.uch  cracks 
at  the  surface  of  the  other  two  alloys  at  fracture. 

Thus  far,  hardness  studies  after  testing  have  been  confined  to  Waspaloy. 
Nine  specimens  involving  testing  times  at  1500'  F ranging  from  3 to  1100 
hours  were  subjected  to  hardness  measurements  with  the  results  diown  in 
Figure  42.  Relaxation,  multi-stress  rupture  and  plain  rupture  tests  have 
shown  no  consistent  difference.  Apparently  the  governing  factor  was  time 
at  temperature,  with  the  hardness  decreasing  noticeably  for  times  longer 
than  100  hours.  Hardness  ranged  between  Rockwell  C values  of  36  and  25. 
Sufficiently  detailed  studies  have  not  been  made  for  euiy  conclusion  other  than 
that  prolonged  exposure  of  Waspaloy  at  1500 'F  does  result  in  a substantial 
reduction  of  hardness,  presumably  by  overaging. 
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Rupture-Test  Properties  from  Smooth  and  Notched  Ba^s 
After  Abnormal  Grain  Growth 


Grains  as  coarse  as  ASTM  (-1)  were  obtained  in  both  S-816  and  Wasp- 
aloy  by  small  reductions  at  room  temperature  prior  to  conventional  heat 
treatments.  Preliminary  experiments  showed  that  the  extent  of  coarsening 
was  erratic  and  not  nearly  so  pronounced  when  specimens  for  cold  reduc- 
tions were  taken  from  the  stock  just  as  received.  Later  specimens,  includ- 
ing all  those  for  which  test  data  are  reported,  received  the  following  initial 
treatments  before  critical  cold  rolling: 

S-816:  11.5  percent  reduction  at  1200°F  + 2150”F,  1 hour,  W.  Q, 
Waspaloy;  45  percent  reduction  from  1950°F,  A.  C.  + 1975°F, 

1 hour,  A,  C, 

For  the  S-816,  one  percent  reduction  appeared  to  give  coarsest  grains 
(from  -1  to  2)  in  the  gauge  section  of  specimens  made  from  the  square  bars. 
The  surface  material  which  was  machined  away  tended  to  be  somewhat  finer 
(3  to  5),  Waspaloy  showed  rather  consistent  abnormal  coarsening  for  re- 
ductions between  1 and  1.  5 percent  prior  to  final  heat  treatment.  A reduc- 
tion of  1-1/4  percent  appeared  to  be  best,  giving  a luiiform  mixed  grain 
sizvi  of  (-1  to  1)  and  (2  to  6). 

Typical  photomicrographs  for  specimens  with  a,bnormally-large  grains 
are  shown  in  Figures  43  and  44, 


V i 


Smooth  specimens  turned  from  bars  of  coarsened  material  had  a reduced 
section  about  1.  6 inches  long  and  a gauge  diameter  of  0.  350  inches.  Notched 
bars  were  prepared  with  a like  minimum  diameter  (d),  A root  radius  (r) 
of  0,004  inches  was  finished  at  the  base  of  the  60°  notch  by  a light  cut  with 
a hand-ground  lathe  tool. 


Abnormal  grain=grow’th  response  was  accompanied  by  little  or  no  change 
in  rupture  life  for  either  smooth  or  notched  bars  of  S-816  at  1350°F.  Furth- 
er, elongation  of  the  smooth  bars  was  not  altered.  (See  Figure  45  and  Table 
10,  page  34),  In  contrast,  abnormal  growth  in  Waspaloy  resulted  in  a drop 
ir’  tc  ts y i3 - nosrmsLl.  jrssponss 

and  the  rupture  life  of  Waspaloy  for  both  smooth  and  notched  bars  appears 
to  have  been  lengthened  by  treatments  which  results  in  large  grains  (Figure 
45  and  Table  11,  page  35). 


In  the  above  comparisons,  data  of  Carlson  and  Simmons  (Ref.  9)  were 
used  as  representative  results  for  specimens  with  normal  grain  size.  Carl- 
son and  Simmons  used  ground  notches  and  grain  size  was  not  reported,  but 
other  bars  from  the  same  heats  of  materials  with  the  same  heal  treatments 
had  ASTM  grain  sizes  from  4 to  7 for  S-816;  and  from  3 to  6 far  W'aspaloy. 


Referaice  to  Table  10  (page  34)  shows  that  S-816  specimen  S-S52  came 
out  with  a very  fine-grained  structure.  When  this  was  tested  as  a smooth 
bar,  results  were  essentially  the  same  as  for  Specimen  S-S50  with  a (-1  ) 
to  1 grain  size. 
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TABLE  10.  EFFECT  OF  ABNORMAL  GRAIN-GROWTH  RESPONSE  IN  S-816. 
ON  SMOOTH-BAR  AND  NOTCHED-BAR  RUPTURE  PROPERTIES  AT  ISOO^F 


Stress  Life  Elong-  Reduc- 
Spec.  ation  tion  of 

No,  (psi)  (hrs)  (%)  Area  (%) 


a,. 


Notch  specimen  Design 
D d r r/d 


3 

I 


Smooth  Bars,  Normal  Grain  Size  - Data  of  Carlson  and  Simmons 


S-2 

30, 000 

20.4 

47.2 

51.8 

S=4 

25,000 

63.  8 

44.8 

58.5 

S-7 

20,000 

342.  8 

45.  3 

55.7 

S-11 

17,000 

1019.4 

38.9 

45.4 

Smooth  Bars,  Abnormal  Grain  Size  (ASTM  -1  to  2) 


S-S47  20,000 

S-S50  25,000 

S=S52^  25.000 


313.  3+  (discontinued) 
80.  1 53  49 

88.  3 45  49 


u 

*. 

it 

I 
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Notched  Bars,  Normal  Grain  Si^ic  - Data  of  Carlson  and  Simmons  (Ref.  9) 


S-28 

30,000 

88.7  --  i3. 7 

0.600 

0.  424 

0 i 0 1 0 

0.02  4 

S-27 

30,000 

79.8  — 9.3 

0.  600 

0.424 

0.  005 

0.012 

Notched  Bars,  Abnormal  Grain  Size  (ASTM 

-1  to  2) 

N-S51 

25,000 

459.  5 

0.  500 

0.  360 

0.004 

0.011 

N-S53 

25, 000 

428.4 

0.500 

0.  360 

0.  004 

0.  on 

N-S47 

ogc 

(1457)  + (in  progress) 

0.500 

0.  360 

0.  004 

0.  01 1 

Dimensions  of  notches  given  in  inches; 

D = shank  diameter  of  unnotched  bar 
d = diameter  at  notch  root 
r - jroot  radius 
Notch  angle  60”  in  all  cases. 


^ ASTM  grain  size  6 to  9. 
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In  summary,  no  specimen  either  of  Waspaloy  or  of  S-816  appeared  to  be 
weakened  by  treatments  which  resulted  in  abnormal  grain  size  upon  later  con- 
ventional heat  treatment.  This  observation  may  not  apply  to  lower  tempera- 
tures or  to  other  alloys,  and  these  very  limited  data  should  not  be  construed 
as  proof  that  there  is  no  need  for  concern  that  abnormal  grain  size  response 
may  be  accompanied  by  notch  brittleness  for  the  alloys  under  study.  At  most, 
they  suggest  that  notch  embrittlement  may  not  be  a function  of  grain  size 
alone.  Possibly  some  other  unknown  factor,  accompanying  the  formation  of 
large  grains  during  heat  treatment,  is  required  for  embrittlement. 
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TABLE  11.  EF  FECT  OF  ABNORMAL  GRAIN-GROWTH  RESPONSE  IN 
WASPALOY  ON  SMOOTH-E.AR  AND  NOTCKED-BAR 
RUPTURE  PROPERTIES  AT  1500°F 


r 

w 


Stress 

Life 

Elong-  Reduc- 

^Notch  Sped: 

men  Des 

ign 

Spec. 

ation  tion  of 

IP 

— 

No. 

(psi) 

(hrs) 

(%)  Area  (%) 

T-\ 

d 

r 

r/d 

1 

Smooth  Bars,  Abnormal  Grain  Size  (ASTM  -1 

to  +1, 

2 to  4) 

r 

1 

S-W127 

25,000 

509.  1 

5. 5 6. 5 

\ 

S-W128 

35, 000 

61.  7 

6.5  5 

> 

S-W129 

45,000 

6.  7 

3 3 

L 

S-W140 

35,000 

47.  8 

5 7.5 

\ 

S-W141 

25,  000 

528.  6 

7.5  6.5 

S-W142 

35, 000 

54.  5 

5 7.5 

; 

S-W143 

35,000 

52.  8 

4.5  5.5 

V 

3-W146 

35,  000 

48.  2 

2 4 

t 

Notched  Bars,  Normal  Grain  Size  (ASTM  3 to 

o) 

W-10^ 

35, 000 

72.  5 

2.  3 

0,  600 

0.424 

0.040 

0.  094 

Mj  ir\LJ 

f f — u 

T C /\A/\ 
^ ^ t UUU 

484.  3 

1.5 

0.  600 

/\  A •>  A 

G.  100 

/N  -*  •>  / 

u. 

Notched 

Bars,  Abnormal  Grain  Size  (ASTM  -i 

1 to  + i , 

2 to  4) 

- 

N-W131 

40,000 

150.  3 

.. 

0.  350 

0.  265 

0.  003 

0.  on 

N-W132 

30, 000 

599.2 

• • .. 

0.  350 

0.265 

0.003 

0.011 

) 

N^W135 

25,000 

1214.  8 

— 

0.  350 

0.265 

0.003 

0.  on 

y 

1 

f 

“ dimensions  of  nctches 

given  in  inrhesr 

i 

D = shank  diameter  of  unnotched  bar 

tf 

d = diam 

eter  at  notch  root 

? 

r = root 

radius 

jt 

Notch  angle  60* 

in  all  cases. 

1 

1 

^ Data  of  Carlson  and  Simmons,  Ref.  9. 

I: 

Effects 

on  Notch  Behavior  of  Deviations  from  Recommended 

Heat  Treatments 


S-816 

Four  smooth -bar  tests  were  run  on  specimens  of  S-816  solution  treated 
at  2325®F  instead  of  2150”F.  Two  of  these  specimens  were  given  the  custom- 
ary 12-hour  age  at  1400”F,  air  cooled.  The  others  were  tested  with  no 
aging  other  than  that  incidental  to  heating  the  specimen  for  testing.  Test  re- 
sults indicate  a slight  drop  in  ductility  following  the  higher  solution  temperature. 


35 
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This  effect  was  augmented  by  omitting  the  age  before  testing.  Variation  in 
grain  size  with  solution  temperature  wag  sKghi,  Rupture  data  have  been  plotted 
in  Figure  46. 

High  solution  temperature  seemed  to  have  little  significant  effect  on  rup- 
ture life  at  1350®  or  1500®F.  Elongation  at  rupture  of  smooth  bars  (Table 
1?.  below)  was  sufficiently  high  that  notch  sensitivity  is  not  to  be  expected 
at  either  temperature,  although  this  has  not  been  confirmed  experimentally. 


TABLE  12.  SMOOTH-BAR  RUPTURE  TESTS  WITH  S-816 
SOLUTION-TREATED  AT  2325®F,  1 HOUR,  WATER  QUENCH 


Spec, 

No. 

Aging  Time 
at  1400 ®F 
(hours) 

Test 

Temp 

(®F) 

Stress 

(psi) 

Life 

(hrs) 

Elong- 

oLbXon 

0M  \ 

\7w; 

Reduc- 
tion of 

A ta 

a*-,  \ 

ASTM 

Grain 

Size 

C QA 
1-/  — -a  o 

12 

1350 

35 , 000 

317.5 

40.  0 

383 

(3),  4 

S-31 

12 

1500 

25,000 

97.7 

33.  5 

36 

to  7 

S-33 

0 

1350 

35,000 

308.5 

24^ 

20.  5 

(3),  4 

S-34 

0 

1500 

25,000 

713 

20 

18 

to  6 

a 

Broke  in  gauge  mark. 


Waspaloy 

Effect  of  using  a cclution  temperature  different  from  the  recommended 
value  (1975*F)was  investigated  in  somewhat  greater  detail  for  Waspaloy  than 
for  S-816.  On  the  other  hand,  variation  in  aging  practice  wa$  not  studied  at 
ail.  Data  obtained  at  Pratt  and  Whitney  Aircraft  and  reported  by  Simmons 
and  Cross  (Ref.  14)  were  considered  satisfactory  as  an  indication  of  the  gen- 
eral effects  of  deviations  from  usual  aging  procedures. 

A first  consideration  was  the  magnitude  of  effects  introduced  by  temp- 
erature errors  of  moderate  amount  during  heat  treatment.  Later  tests  aimed 
at  determining  how  high  a temperature  is  required  before  excessive  grain 
coarsening  sets  in  and  to  investigate  whether  conditions  leading  to  such  coars- 
ening adversely  alter  notch  strength.  Rupture  properties  were  determined 
for  a limited  number  of  notched  specimens,  as  well  as  for  smooth  bars  (Table 
13,  page  37). 


There  was  no  evidence  of  any  large  change  in  rupture  properties  at 
1500®F  for  either  smooth  or  notched  bare  as  solution  temperature  was  alt- 
ered. (See  Figure  47.)  Notched-bar  strength  tended  to  decrease  with  in- 
creasing temperature,  nowever,  there  was  a substantially  longer  ■••upture 
time  for  notched  specimens  than  for  smooth  at  any  stress  studied.  Ductility 
dropped  somewhat,  particularly  for  the  longer-tirne  tests  of  the  coarse- 
grained material  solution  treated  at  2150®F  (Figure  48),  suggesting  that 
notch  weakening  might  be  encountered  for  longer  times  than  those  tested. 

It  should  be  recognized  that  the  indication  of  absence  of  notch  weakening  is 
contrary  to  reported  experience  for  high  solution  temperatures.  Apparently 
some  additional  fictor  must  have  beer  present  to  reduce  notch  sensitivity. 
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TABLE  13.  VARIATION  IN  RUPTURE  PROPERTIES  WITH  SOLUTION 
TEMPERATURE  FOR  SMOOTH  AND  NOTCHED  BARS  OF  WASPALOY 


• 

(Aii  tests  at  1500’F, 

All  specimens 

aged  1550° 

F,  4 hours , 

Air  Cool 

+ 1400-F, 

i.  G liour  sf  f 

Air  Ccoi.) 

. 

Spec. 

Sclutian 

Grain  Size 

Stress 

Rupture 

Elong- 

Reduction 

1 

No. 

Temp 

(ASTM 

Life 

ation 

of  Area 

i 

("F) 

No.) 

(psi) 

(hours) 

(%) 

(%) 

) 

Smooth  Barii 

S-W177 

1925 

30, 000 

04  A 
% *± 

9.  5 

12 

S=W163 

1975 

3 to  6 

40,  000 

10.  15 

7.  5 

9.  5 

-• 

W-6^ 

1975 

3 to  6 

35,  000 

17.  2 

10.  5 

15.7 

S-W162 

1975 

3 to  6 

30, 000 

65.  6 

9 

-- 

S-W186 

2035 

2 to  3,  3 to  6 

30,000 

65.  8 

8 

8 

S-W189 

2075 

(2),  3 to  5 

35, 000 

25.  9 

6.  5 

7.  5 

S-W191 

2150 

(0),  1 to  3, 

35, 000 

41.4 

5 

6.  5 

1 

K 

(4  to  5) 

S-W  105-1 

2150 

(-2),  -1  to  0, 
2 to  3 

30, 000 

82.4 

2.  5 

4 

f\l  ^ ^ W ek 

— c 

• 

N-W178 

1925 

35,  000 

122.  7 

W-10® 

1975 

35, 000 

72.  5 

W-20^ 

1975 

25,000 

484.  3 

» 

N-W187 

2035 

35, 000 

101.  1 

N-W190 

2075 

35,000 

47.  5 

N-W192 

2150 

35,000 

66.  5 

i 

■s 

« 

a Tj2,t:.  of  C 

Simmons  {Ref. 

Q\ 

* f • 

« 

^ Had  been  reduced  45  percent  in  3 rollings  from  1950°F,  A, 

. C.  + 1975 

"F, 

i 

4 hrs,  A. 

C.  before 

solution  treatment  at  2150 

“F. 

«. 

% 

9 

C - 

XXTi 

tM  O A W AX  W W f 

all  dixT'"nsic 

«%e* 

AAA  AAAWAAW 

:s: 

4f 

i 

i 

Univ.  of  Mich.  Data 

Data  of  Carlson  and  Simmons 

Shank  Diameter  (D) 

0.  500 

0.  600 

Notch  Root  Diameter  (d) 

0.  375 

0.424 

Root  Radius  (r) 

0.  004 

ri  ’0!  0.  040 

W-20:  0.  100 

Notch  Angle 

60’ 

60“ 

WADC  TR  54-175  Pt  1 


37 


r’i 


...  - •.'Jt.'fv 

■ ^ . V 


V.  ,> 


( 

f 

I 

i 


Effect  of  Extraneous  Treatments  on  Notch  Gehavior 


3-816 


Changes  in  rupture  properties  were  noted  for  specimens  cold  rolled 
after  solution  treatment  eitner  at  tlie  usual  2150°F  or  else  at  2325°F.  Treat- 
ments applied  and  results  obtained  are  listed  in  Table  14  (see  page  39)  and 
plotted  in  Figure  49. 

Cold  rolling  either  at  room  tem.perature  or  at  1200°F  raised  smoot?!~ 
bar  rupture  strengths  some  10.000  to  20,000  psi  above  the  usual  values 
for  the  range  of  stress  and  temperature  investigated.  The  data  are  not  com- 
plete enough  to  show  with  certainty  any  large  effect  of  aging  at  HOO^F  be- 
tween rolling  and  testing.  It  might  have  been  anticipated  that  cold  working 
should  lower  elongation  at  rupture,  but  some  of  the  ductilities  observed 
are  even  lower  than  expected.  Of  particular  interest  are  the  consistently- 
lower  ductilities  found  at  i500°F  test  temperature  than  for  tests  conducted 
at  1350°F.  Elongation  at  rupeure  was  only  one  percent  for  two  specimens 
and  was  five  percent  or  less  for  most  of  the  1500°F  tests. 

Sufficient  notched-bar  data  have  not  been  obtained  to  permit  generaliza- 
tions. But  for  a test  temperature  of  1350°F  specimens  cold  roiled  after 
conventional  solution  treatment  at  2150°F  had  low  enough  elongation  in  the 
rupture  test  that  the  material  may  be  notch  brittle.  Elongation  appeared  to 
be  even  lower  in  tests  at  1500°F.  The  very  low  elongation  (i  percent)  found 
at  rupture  for  specimens  with  2325°F  solution  temperature  followed  by  13.  5 
percent  reduction  at  1200°F  indicates  most  probable  notch  weakening,  in 
view  of  literature  data  surveyed  in  Part  I of  this  report. 

Cole  rolled  S-816  offers  an  opportunity  to  ascertain  whether  ductility 
has  fundamental  significance  in  determining  notch  behavior  or  whether  re- 
laxation properties  are  more  truly  significant.  In  any  event,  more  exten- 
sive testing  appears  warranted. 

A typical  photomicrograph  of  the  ccld-rolied  S-6i6  material  used  in 
the  above  tests  is  shown  in  Figure  50. 


W aspaloy 

Cold  work  was  introduced  into  Waspaloy  before  any  aging  had  taken 
place,  after  partial  aging,  or  at  the  completion  of  aging.  (Data  listed  also 
include  some  specimens  reduced  more  than  the  cvitical  amount  in  prelimin- 
ary attempts  to  find  conditions  for  abnormal  grain  growth.  For  these  bars, 
all  cold  werk  v/as  done  before  the  aclntior:  treatment.  1 

Experimental  results  are  assembled  in  Table  15  (see  page  40)  and  Fig- 
ures 51  and  52.  A representative  photomicrograph  of  a Waspaloy  specimen 
after  receiving  an  extraneous  cold  reduction  during  processing  is  shown  in 
Figure"^53. 
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TABLE  M.  RUPTUP.E-TEST  RESULTS  FOR  S-816 
AFTER  EXTRANEOUS  TREATMENTS 


Type  Spec.  Test  Temp  Stress  Rupture  Life  Elongation  Reduction  of 
(*F)  (psi)  (hours)  (%)  Aiea  (%) 

2150»F,  I hr,  W.Q.  + 10%  ReducL  at  75°F  4 1400»F.  12  hrs,  A.  C.  (ASTM 
Grain  Size  5 to  8) 


Smooth 

Smooth 


45.000 

25.000 


105.  2 
318.  5 


35.  5 
5 


2150*F.  1 hr,  W.Q.  -f  10%  Reuuct.  at  75*F  (ASTM  Grain  Size  5 to  8) 


Smooth 

Smooth 


45.000 

25.000 


75.4 
332.  2 


2325*F,  1 hr,  W.Q.  ■»  13.  5%  Reduct,  at  1200°F,  A.  C.  + 1400°F,  12  hrs, 
A.  C.  (ASTM  Grain  Size  4 to  6) 


Smooth 

Smooth 

Smooth 

Smooth 


45.000 

35.000 

40.000 

30.000 


476  3.  5 

(2478)+  In  progress 
20.  9 1 

204.  1 1 


2325*F,  1 hr,  W.Q,  + 13.  5%  Reduct.  2200°F,  A.  C.  (ASTM  Grain  Size 
4 to  6) 


n _ . _ - it- 

1 ^ ^ 

1 J^\J 

*%  f*  rs  ^ ^ 

UUO 

iiS8.9  5 

1 ( 

Smooth 

1500 

20, OOO 

(3284)+  Discontinued 

Notched^ 

1500 

35,000 

8.  05 

Notched^ 

1500 

30,000 

8.4 

2325”F,  1 hr. 

W.Q. 

+ 5%  Reduct,  at  75“F  (ASTM  Grain  Size  4 to  6) 

Smooth 

1500 

25,000 

345.8  12 

1 6 

Notched^ 

1500 

35,000 

4 X • b 

Notch  geometry:  Shank  Diameter  (d) 

= 0,  500  inches 

Diameter  (d)  at  notch  base  = 0.  375  inches 
Root  Radius  (r)  - 0.,  001  inches 
Notch  Angle  = 60” 
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TABLE  15,  RUPTURE-TEST  DATA  AT  1500"F  FOR  WASPALOY 
WITH  EXTRANEOUS  TREATMENTS 


I 

V 


Spec.  Type  Stress  Rupture  Life  Elongation  Redueti'.'ji  of  Area 
(psi)  (hours)  (%) (%) 

1975°F,  4 hrs,  AC  + 5%  Red.  at  75°F  + 1550°F.  4 hrs,  AC  + 1400°F,  lb  hrs,  AC 


i Smooth 
Notched^ 


30. 000 

35. 000 


3.  2 {+  3)  <1 

4.5 


I975°F,  4 hrs,  AC  4 1 ■^5C'-F.  4 hrs,  AC  + 5%  Red,  at  75°F  + 1400°f  , l6  hrs,  AC 

2,  5 


Smooth 

Notched' 


25. 000 

30. 000 


38.  0 

33.  1 (+  2.5) 


1-1/-T 


1975°F,  4 hrs,  AC  + 1550°F,  4 hrs,  AC  + 1400“F,  l6  hrs,  AC  + 5%  Red,  at  75°F 
Smooth 


Notched' 


25,000 
?.5,  000 


95.  3 

159. 5 (+  1) 


1975°F,  4 hrs,  AC  + 15%  Red.  at75°F  + 1550°F,  4 hrs.  AC  f 14Q0‘’F,  16  hrs,  AC 


Smooth 

Notched' 


30.000 

20. 000 


5.  8 
53. 0 


1 


1 975 ' Fj  4 hrs,  AC  + 1550°F,  4 hrs,  AC  + 15%Red.  at75°F  + i400°F,  lohrs,  AC 

1 1.5 


.Smooth 


35. 000 

25. 000 


2.  6 

26.  5 


i 

i 

1 

1 

I 

V 

3 


1975°F,  4 hrs,  AC  + 1550°F,  4 hrs,  AC  + 1400°F,  l6  hrs,  AC  + 15%  Red,  at  75°F 
Smooth  40,000  3 7 < • 2.5 


Notched 


40. 000 

25.000 


46.4 


10%  Red,  at  75°F  + 1975'’F.  4 hrs.  AC  + 1550'F,  4 hrs,  AC  4-  1400°F,  l6hrs,  AC 


Smooth 

Smooth 


30. 000 

25. 000 


88.  9 
260,  5 


8.  5 
7.  5 


8 

9 


1.  5%  Red,  at  75°F  + 1975°F,  4 hrs,  AC  + 1550'F,  4 hrs,  AC  -t-  1400°F,  16  hrs,  AC 

.Smooth  30,000  132.6  5 7 

Smooth  25.000  479.1  7 7.5 

Smooth  20,  000  1203.3  3.5  7 

^ Notch  Geometry;  5Kank  diameter  (d)  = 0.  500  inches;  Diameter  (d)  at  notch  base 

- 0.375  inches:  Root  radius  (r)  = 0.004  inches;  Notch  angle  =60‘ 
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The  tests,  all  conducted  at  1500’F,  show  that: 

1.  Cold  reductions  of  5 percent  and  15  percent  after  f;o],ation  treatnxeiit 
lowered  smooth-bar  strength  belo’.v  that  for  convenf'onal  heat  treatment. 

Very  low  ductility  values  also  resulted  after  such  cold-working  treatmeats. 

2.  Though  data  on  notched  specimens  of  material  cold  worked  after  solu- 
tion treatment  are  not  sufficiently  complete  to  be  certain  of  effects,  it  may 
be  noted  that: 

(a)  Material  reduced  5 percent  had  notch  strengths  abore  that  of 
similarly-treated  smooth  specimens,  in  spite  of  very  low 
elongation  and  reduction  of  area  for  the  smooth  bar  tests. 

(b)  Material  reduced  15  percent  had  notch  strengths  which  appear 
to  be  marginal  with  respect  to  the  corresponding  smooth  bars. 
Again  there  is  little  evidence  of  pronounced  notch  sensitivity 
in  spite  of  very  low  ductility  in  the  smooth  bar  tests  (elonga- 
tion of  about  1 percent). 

3.  Cold  work  after  aging  was  somewhat  less  damaging  than  before  ag- 
ing. Cold  work  after  partial  aging  was  intermediate  in  reducing  strength. 

4.  Reductions  prior  to  solution  treatment  of  1.5  and  10  percent  raised 
smooth  bar  rupture  strengths  without  much  effect  on  ductility. 
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Summary  of  Metallurgical-Variable  Studies 


The  metallurgical  variables  investigated  to  date  have  not  caused  definite 
notch  sensitivity  to  occur  in  S-816  at  1350“  or  1500“F,  or  in  Waspaloy  at 
1500°F.  In  most  cases,  however,  the  results  for  notched  specimens  are 
very  incomplete. 

S-816  may  be  notch  sensitive  in  respect  to  smooth  bars  given  the  same 
treatments  when  it  is  solution  treated  (particularly  at  a higher  temperature 
than  usual)  and  then  cold  worKed.  It  is  questionable,  however,  whether  such 
maten  als  would  be  notch  sensitive  in  comparison  to  conventionally-treated 
smooth  bars,  due  to  the  increase  in  strength  from  the  cold  work. 

Waspaloy  cold  worked  5 and  15  percent  after  solution  treatment  showed 
a substantial  loss  in  rupture  strength  and  very  low  elongation  and  reduction 
of  area  in  the  rupture  tests.  Notched  bars  given  these  same  Ireatinents, 
however,  presented  little  or  no  evidence  of  being  notch  sensitive  in  a few 
survey  tests. 

Critical  reductions  to  develop  grain  sizes  as  large  as  ASTM  (-1)  upon 
normal  solution  treatment  did  not  indicate  notch  embrittlement.  Neither 
did  raising  the  solution  temperature  of  Waspaloy  to  as  high  as  2150“F. 

All  results  to  date  suggest  that  it  would  be  difficult  to  make  either  S-816 
at  1350“  or  1500“F,  or  Waspaloy  at  1500“F  notch  sensitive.  This  result 
was  not  unexpected  for  S-816.  The  lack  of  notch  sensitivity  for  Waspaloy 
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u ♦ iiT-nrisi-'c  in  view  of  reported  tendency  for  the  alloy  to  become 
was  somewhat  control  of  heat  treatment.  Either  the  particular 

notch  sensitive  without  ..^brittlement.  or  1500»F 

heat  ot  alloy  beiome  notch  sensitive  except  undet  most  unusual 

‘;^ortil^  Notch  se^riuvity  was  shown  at  1200-  and  1350-F  lor  the  same 
Waspaloy  material  after  normal  treamieait. 
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SECTION  V 


f 

I 


} 


FUTURE  WORK 


The  work  planned  for  the  future  involves  the  following  objectives; 

1.  Calculation  of  the  influence  of  relaxation  by  creep  on  the  total  life 

of  notched  specimens.  To  do  this,  it  will  be  necessary  to  neasure  the  change 
in  shape  of  notched  specimens  on  loading  and  during  the  early  stages  of  the 
creep-rupture  tests.  When  these  localized  strains  are  less  than  one  percent, 
calculations  as  outlined  in  Section  III  can  be  used.  If  initial  strains  are  larger, 
tests  will  be  necessary  to  establish  the  influence  of  the  larger  strains  on  re- 
laxation behavior. 

2.  Obtain  relaxation  data  for  a material  which  has  marginal  notch  sen- 
sitivity. Waspaioy  at  1350*F  has  been  selected  for  this  purpose.  Originally 
it  was  thought  that  Waspaioy  at  1500 *F  would  meet  this  requirement.  The 
work  of  Carlson  and  Simmons  now  shows  notch  strengthening  at  1500°F,  with 
the  marginal  properties  desired  at  1350*F.  Relaucation  properties  will  be 
established  at  1350 ®F  as  in  the  cases  described  in  Section  U. 


3.  Introduce  variable  notch  properties  for  the  same  alloys  with  the  same 
heat  treatment.  It  is  often  reported  that  notch  properties  of  the  alloys  in 
the  program  vary  widely  from  heat  to  heat.  It  would  be  desirable  to  include 
a heat  of  one  of  the  alloys  which  is  more  sensitive  to  notched  and  one  less 
sensitive  than  the  one  already  studied.  Attempts  wiii  be  made  to  procure  such 
heats  of  Waspaioy,  probably  using  vacuum  melted  material  for  the  notch  in- 


4,  Check  the  generality  of  the  relaxation  concept  for  explaining  notch 
sensitivity  in  creep-rupture  tests.  This  is  being  done  in  part  by  extending 
the  work  on  metallurgical  variables. 
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APPENDIX  I 

CALCULATIONS  FOR  PREDICTION  OF  RELAXATION  PROPERTIES  OF 
INCONEL  X-550  FROM  CREEP  CURVES  FOR  THE  SAME  TEMPERATURE 


In  the  experimental  step-dov.T.  reiaxiitioR  test  at  i350”F  with  Inconel 
X-550  specimen  RR-X50I,  the  strain  corresponding  to  the  3140  psi  stress 
decrement  upon  removal  of  each  weight  was  6.00013  inches  per  inch.  Creep 
strain  of  approximately  this  amount  was  allowed  to  occur  at  each  stress  in 
turn  from  an  initial  value  of  60,  050  psi  to  a final  value  of  34,  910  psi. 

Below,  the  times  required  for  these  periods  of  creep  strain  at  each  of 
the  several  stresses  used  have  been  read  ftom  the  creep  curves  of  Figure 
35  on  the  basis  of  three  rules  which  have  been  proposed  to  correlate  creep 
and  rslaxation  properties. 


A.  Calculations  Using  the  Time-Hardening  Rule. 


According  to  the  time-hardening  rule,  when  the  stress  is  lowered  from 
one  level  to  another  in  a step-dovTv  test  the  new  segment  on  the  second  creep 
curve  begins  at  the  time  coordinate  where  that  for  the  first  stress  termina- 
ted. (See  Figure  34).  Applying  this  rule  to  the  creep  curves  of  Figure  35, 
results  may  be  tabulated  as  follows: 


\ 

£ 

i 

Creep 

Stress 

(psi) 

Time  at  Start  of 
Creep  at  Given 
Stress  (hrs) 

Time  for  Creep  of 
0 . 000  13  in/in  at 
Given  Stress  (hrs) 

Cumulative 
End  of  Each 
Period  (' 

». 

6C, 050 

0 

^0.4 

0.  4 

1 

56, 820 

0.  4 

1.2  - 0. 4=0.  8 

1.  2 

V 

1 

53, 680 

1.  2 

5.  0 - 1.2  = 3.  3 

5.  0 

• 

50, 530 

5.  0 

15. 5 - 5. 0 =10. 5 

1C  c 
^ 

47.410 

15.  5 

31.  5 - 15.  5 =16.0 

31.  5 

f 

44, 300 

31.  5 

57. 8 - 31. 5 = 26, 3 

57.  8 

•4 

' S' 

41,  190 

57.  8 

123  - 57.  8 = 63. 2 

123 

t 

38, 060 

123 

224.  5 - 123  = 101.  5 

224.  5 

34,  910 

224.  5 

498  - 224.5  = 273.  5 

498 

# 

(31,790) 

498 

^Estimated  from  creep  curve  for  60,000  psi,  Figu 

rc  31. 
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Calculations  Using  Strain- Hardening  Rule. 


By  the  strain -hardening  rule,  each  successive  segment  of  the  creep 
curves  involved  in  a step-down  rel-ixation  test  is  assumed  to  begin  at  the 
same  strain  as  that  where  the  segment  terminated  for  the  previous  stre«?s 
level.  (See  Figure  34.  ) This  rale  gives  the  following  results: 


Creep 

Stress 

(psi) 

Cumulative  Strain  at 
Start  of  Given  Creep 
Period  (in/in) 

Time  for  Creep  of 
0.  0001  3 in /in  at 
Given  Stress  (hrs) 

Cumulative  Time  by 
End  of  Given  Creep 
Period  (hrs) 

60, 050 

0 

(0.4)^ 

0.  4 

56, 820 

0. 00013 

(1.  0) 

1.4 

53, 680 

0. 00026 

11. 5 - 7.  1 = 5.  8 

5.  8 

50, 530 

0. 00039 

42.  0 - 31. 2 r 10. 8 

16.  6 

47,410 

0. 00052 

BO.  3 - 63.  8 = 16.  5 

33.  1 

44. 300 

0.  00065 

1 5 - 1 ! 0 = 15 

48.  1 

41.  190 

0. 00078 

317.  5 - 292  = 25.  5 

73.  6 

38. 060 

0. 00091 

(32)*" 

106 

34,910 

0. 00104 

1255  - 1180  - 75c 

181 

(31,790) 

0. 00117 

Estimated  from  creep  curve  for  60,000  psi,  Figure  32. 

Creep  data  for  38,  060  psi  did  not  extend  to  the  times  required.  Extrapo- 
lation indicated  the  required  time  increment  at  this  stress  to  be  about  27 
hours  for  0.00013  inches  per  inch  creep.  On  the  other  hand,  the  log  mean 
of  the  times  which  would  be  required  for  0.  00013  inches  per  inch  creep 
for  41,  180  psi  and  for  35,000  psi,  each  starting  at  the  initial  creep  strain 
of  0.  00091  inches  per  inch,  was  37  hours.  The  mean  value  of  32  hours 
has  been  used. 

Read  from  a continuation  of  the  curve  not  shown  in  Figure  35. 


C.  Calculations  Assuming  Additivity  of  Life  Fractions. 

The  data  tabulated  on  the  next  page  were  obtained  from  the  creep  curves 
of  Figure  35  in  the  manner  illustrated  for  the  life-fraction  rule  in  the  hypo- 
thetical curves  of  Figure  34. 
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APPENDIX  II 


CALCULATION  OF  RELAXATION  CURVES  FROM  40,000 
TO  ir>,000  P3I  FOR  WASPALOY  AT  1500‘F  WITH  AND 
WITHOUT  PRIOR  CREEP  AT  THE  INITIAL  STRESS 


Suitable  data  for  early  stages  of  creep  of  Waspaloy  are  given  in  Figure 
36.  The  lite-fraction  rule  (see  Figure  34)  v/ill  be  applied  to  a step-down 
test  with  the  first  stress  decrement  taken  as  10,  000  psi  followed  by  three 
stress  reductions  of  5000  psi  each. 

The  following  test  points  not  shown  for  the  40,  000  and  30,  000  psi  curves 
of  Figure  36  are  available  for  calculations  at  early  times. 


Specimen  S' 

-W163.  40,000  psi  stress 

Specimen  S- 

W162,  30,000  psi  stress 

Time  (hrs) 

Creep  Strain  (in/in) 

Time  (hrs) 

Creep  Strain  (in/in) 

0.  1 

0. 00032 

0.  2 

0. 000171 

0.  25 

0. 00053 

1.0 

0. 000342 

1.  i 

0.  00  166 

2.5 

0 . 00410 

The  experimen^aliy-observed  modulus  of  elasticity  for  Waspaloy  at 
1500“F  was  21  x 10*^  psi/in/in.  Therefore  the  creep  strain  required  to  give 
a 5000  psi  reduction  in  stress  levels  is 

5000  psi  = 0.  00024  in/in 

2l,b00,  OoO  psi/in/in 


This  value  of  required  amount  ol  creep  for  each  step  (0.  00048  in/in  for  the 

r: . r i n nnn :\  i i j • _ . 1 i . - 1 — j — .1-- 

AllOk  VIX  XV,  VW  jJO  l)  11CX9  VCCXX  \X90XX  Xll  txic  V CXX  V UXCX  XI  VXi  B XdUUXCXXCXi  Xlil  XliC 

following  page. 


In  this  tabulation,  the  time  coordinate  at  the  start  of  any  given  creep 
period  was  taken  as  the  product  of  the  cumulative  fraction  of  life  previously 
expeudeu  lime::  the  rupture  life  for  the  material  in  a cuir.veiitiuual  constant- 
load  test  at  the  current  stress  level. 


The  time  for  the  required  creep  at  the  given  stress  level  was  calculated 
as  the  product  of  the  reciprocal  slope  (hr /in/in)  estimated  from  the  creep 
curve  at  the  starting  time  concerned  times  the  required  amount  of  creep 
(in/in)  at  the  stress  for  the  desired  stress  relaxation. 
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FIG.I  STRESS -RUPIURE* TIME  CURVES  FOR  SMOOTH  AND 
NOTCHED  BARS  OF  S-SJS  (the  smooth-bar  curves  are 

AVERAGE  RESULTS  FOR  THESE  AND  OTHER  TESTS  ON  S-SSS.  ALL 
CURVES  WERE  TAKEN  FROM  A PARAMETER  PLOT  USED  IN  THE 
ORIGINAL  REPORT.) 

HEAT  TREATMENT  NOTCH  GEQME.TPy  REF. 

D_  d r ANGLE  

2I50®F  , IHR,WQ  > 0.177  0125  Q005  60*  2 

MOO®F  , 12  HR,  AC 
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FIG. 2 STRESS -RUPTURE -TIME  CURVES  FOR  SMOOTH  AND  NOTCHED  BARS  OF 

S-8l6-Cb-f  Ta,  (THE  SMOOTH-Snfi  CiJFIVES  ARE  AVERAGE  RESULTS  FOR  THESE  AND  OTHER 
TESTS  ON  S-8I6-Cb  + Ti,  all  CURVES  WERE  TAKEN  FROM  A PARAMETER  PLOT  USED  IN  TTC 
ORIGINAL  REPORT.) 
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HEAT  treatment 

NOTCH  GEOMETRY 

REF. 
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ANGLE 

■S 

A 

2I50°F,  1 HR,  W».+ 
MOO^F,  12  HR,  AC. 

0.177 

0.125  0.005 

60'=’ 

2 

'•  4 

c> 

2250°F,  1 HR  , WQ.r 
I400°F,  16  HR,  AC 
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0.1955  0005 
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FiG  5 STRESS-  RUPTURE  • TIME  CURVES  FOR  SMOOTH  Ah4D 

NOTCHED  8/  R3  OF  M-252 . (the  smooth-bar  curves  are  average 

RESULTS  FOR  THESE  AND  OTHER  TESTS  ON  M252.  ALL  CURVES  WERE  TAKEN 
FROM  A PARAMETER  PLOT  USED  IN  THE  ORIGINAL  REPORT. ) 

HEAT  TREATMENT  NOTCH  GEOMETRY  REF. 

D d r ANGLE 

FORGED  FROM  2050® F + QJ77  0.125  QD05  60  ® 2 

I950®F,  4 HR,  A.C.+  I650®F, 

I HR,FC.  TO  I000®F  AT  90®F/HR. 
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HEAT  treatment 

HARDNESS 

A.S.T.  M. 

DPH 

GRAIN  SIZE 

f? 

A 

1 S00°F  , 20  M!N  , OIL  t !500°F.  20  HR,  AIR  ♦ I200°F, 

330 

7-S 

20  HR,  AIRtlSOCfF,  20HR.AIR+  I200°F,  20  HR.AIR 

B 

I800°F,  20MIN,OIL  *I350°F.  44  H:^.  AIR  <■  l20<fF, 

375 

7-8 

-Cl' 

20  HR,  AIR 

C 

2I00°F,  1 HR, OIL*  I500°F.  20  HR  , AlR  * I350PF, 

325 

2-3 

• 

20  HR.  AIR  *-t.2i50l®F,  20  HR,  AIR 

NOTCH  geometry:  .notch  root  DIA.  (d)-  15/ 32  IN. 

NOTCH  ANGLE  = 60° 
d = 0.75 
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FIG.II  STFtESIJ -RUPTURE -TIME  CURVES  FOR  SMOOTH  NOTCHED  SPECIMENS 

FROM  DIE  EXI%NI3ED  RIMS  OF  16-25-6  • (data  f?om  thoaison  UMaoRATcx^y, 

GEtv£R!Al.  ELECTRIC  COMFANY). 
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FIG.I2  STRESS -RUF»TURE -TIME  PROPERTIES  OF  SMOOTH  AND  NOTCHED  BARS  FROM 

16-25-6  RIM5J  SOLUTION -TREATED  AT  2000''F  AND  2:I00"F  BEFORE  CC'LD  WORK. 

(bATA  FROM  THOf/ISON  LABOR/^TORY.  GI^CRAL  ELECTRIC  COMR^NY). 


'•^fr 


lOHaescsaBvgMtitf 


i 

\ 


i 

t 

i 


r 

& 

i 

I 


1 


z 

o 

[f  O 

— V} 


u 

a: 

r? 


u 

o 

ui 


UJ 


Q. 

Z> 

or  Q 
u 
Z Q 

o z 
< 

Li-  CL 

X 

;;  UJ 


CVJ 


UJ 


C Q 
2 


o 

o 

n 


u. 

(0 

I 

>0 

(\j 

1 

<p 


Z 

£ O 


ut 

0. 


q 

Q 

2 <0 
h 

o 

w ^ 

•-  u. 

O • 

UJ  o 
u.  o 

Lu  <VJ 

UJ  — 


z 

< 

a 

2 

O 

o 

u 

J- 

u 

UJ 

_1 

UJ 


< 

or 

UJ 

z 

UJ 


>- 

or 

O 

t- 

< 

X 

o 

a 

< 

_i 

z 

n 

(h 


u; 

• 

o 
o 

Q 

CVJ 

a 
z 
< 

• 

o 

o S 

s g 


H 

Z 

jjJ 

2 

h- 

< 

UJ 

q: 


5 

o 

c: 

u. 


< 

D 


d 


I WADC  TR  54-175  Pi;  1 6^ 

i 


i 


I 


s 

m 


I 


I 

? 


! 

I 

) 


I 

i 

I 

I 

I 

I 

I 


1 

I 

\ 

I 

i 

I 

w 


I 

I 


I 

! 


i 


i 

1 


it 

«-• 


XIOOD  XIOOOD 

Figure  16;  Original  Microstructure  of  Inconel  X-550  - i hour  at  2150°F , air 
cool  + 4 hours  at  ioOU’r  , air  cool  + 4 hours  at  i35G°F,  air  oool. 
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FIG.  20  SHORT-TIME  TENSILE  CHARACTERISTICS 
OF  ALLOYS  STUDIED. 
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FIG.28  EFFECT  OF  PRiOR  PLASTIC  STRAIN 
FROM  MOMENTARY  OVERLOADING 
ON  EARLY  STAGES  OF  CREEP  FOR 
S-816  AT  1350°  F 
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Fia33  STRESS  VS.  ELONGATION 

FOR  INCONEL  » 550  AT  1350*  F 
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FIG^  HYPOTHETICAL  CURVES  ILLUSTRATING  RULES 
WHICH  HAVE  BE.BY  PRCPCSEO  TO  CORRELATE 
CREEr>  AND  RELA:<ATI0N  r-'ROPERTIES. 
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FIG3S 


EARLY  STAGES  OF  CREEP  CURVES  FOF?  WASPALOV  AT  iSQQ’F 
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XIOOD 

Figure  39.  Microstruclure  of  S-8i6  Specimen  after  Relaxation  Plus  Rupture 

Testing  at  1350“F.  (Specimen  Number  RRRS-S21.  Relaxed  3 times 
trom  40,000  psi;  on  the  3rd  relaxation  cycle,  the  stress  was  held 
constant  when  it  reached  30,000  psi  and  fracture  occurred  in  669 
hours.  Total  time  at  OSO^F  was  766  hours.  ) 


./V  I \J\JlJ 

Figure  40,  Microstructure  of  Waspaloy  Specimen  after  Testing  at  1500“F. 
(Fractured  after  1129.8  hours  under  17,000  psi.) 
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Microstructure  ot  Inconel  X-550  after  Testing  at  1350' F 
Fractured  after  1646.9  hours  under  35,000  psi. 
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Figure  4 3.  Microstructure  of  S-816  Showing  Abnorma  l Grain  G: 
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FIG.46  SMOOTH-BAR  STRESS-RUPTURE  LIFE  CURVES  AT 
I350*F  AND  I500''F  FOR  S-6i6  WITH  DEVIATION 
FROM  CONVENTIONAL  HEAT  TREATMENT. 
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Figure  48.  Original  Microstructure  of  Waspaloy  Solution  Treated  at  2150“F, 
4 hours,  Air  '^ool  i*>bO''J?  , 4 hours.  Air  Cool  + 1400°F,  16 
hours,  Air  Cool. 
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